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Changes of Spawning Gravel Characteristics after Forest Harvesting in Queen Charlotte Islands and
Carnation Creek Watersheds and the Apparent Impacts on Incubating Salmonid Eggs
J. C S  D B. T

Introduction

Streambed Characteristics

In earlier presentations, results were outlined and
discussed concerning landslide prediction, channel
morphology changes, channel scour and fill
processes, and fine sediment movements in coastal
streams of British Columbia. Forest harvesting
impacts on these processes were also demonstrated.
These processes are known to affect the composition
of streambed gravels and their incubating salmon
eggs in Oregon (Hall et al. 1987), Washington
(Cederholm and Reid 1987), and Alaska (McNeil
and Ahnell 1964).
Sediment composition of the streambed influences
two critical properties of salmon incubation gravels:
permeability and porosity. Permeability affects
delivery and removal rates of oxygen, carbon dioxide, and other metabolites (Wickett 1958; McNeil
and Ahnell 1964), which influence fish embryo
survival (Alderdice et al. 1958; Rombough 1983).
Small pore size can restrict intergravel movement of
alevins and create a barrier to fry emergence (Dill
and Northcote 1970; Scrivener and Brownlee 1989).
Other studies also show that unseasonal surges of
fine sediments can reduce the number of benthic
organisms inhabiting a stream (Hall et al. 1987) and
ultimately affect fish food availability and fish
growth after emergence (Phillips 1971).
Mass movements of gravel and sand into channels
not only affected the composition of spawning
gravels, but also their stability. Stability declined for
channel structures, channel topography, and the
riparian zone when mass wasting processes increased
sediment loading of streams on the Queen Charlotte
Islands (Hogan 1986; Hogan and Schwab 1991).
Streambed scouring also increased (Tripp and
Poulin 1986), with obvious consequences for the
survival of incubating salmonid embryos.

Sand-sized particles increased in the streambed of
Carnation Creek after forest harvesting, but the
increase was not consistent until 8 years after
logging had begun. Sands that represented ≥97% of
substrate particles <2.4 mm in diameter showed
little change during pre-logging years, 1971–1976, in
the lower 1.3 km of the stream (Fig. 1). They
increased significantly 3 years later (1979–1980),
only after a large post-logging freshet on November
7, 1978 (Fig. 2). They probably came from the
intensive streamside treatment immediately
upstream where the banks were eroded during the
freshet (Toews and Moore 1982). Sands were cleaned
from the spawning gravel during the freshet of
December 28, 1980 (Fig. 2), and they remained at
pre-logging levels during 1981 and 1982 (Fig. 1).
The proportion of sands increased significantly
again by 1984 and it continued to increase through
1989. Particles <0.074 mm in diameter (silt and
clay) did not change significantly throughout these
years (Scrivener and Brownlee 1989). Silts and clays
were probably transported out of the ecosystem
when they were mobilized by the stream (Hartman
and Scrivener 1990). Sands continued accumulating
13 years after forest harvesting was begun. Variability
among freeze-core samples taken from the streambed also increased as their sand content increased
(Fig. 1).
These fine sediments in Carnation Creek originated from four main sources. First, when channel
erosion occurred upstream during a freshet on
February 11, 1983; second, when torrents in steep
gully tributaries and the main stream dumped
>1500 m3 of sediment into the lower channel during
the 25-year storm of January 3, 1984 (Fig. 2); third,
when a new 150-m long channel was eroded during
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1986 (Hartman and Scrivener 1990); and finally, when
gravel wedges were released from deteriorating debris
jams during later storms (Hogan and Church 1989;
Hartman and Scrivener 1990). Forest harvesting produced the potential sources of fine sediments, but fines
were incorporated and transported in the channel only
when major hydrological events occurred.
Changes to the sand content of streams on the
Queen Charlotte Islands were complicated by incidents of mass wasting in both logged and unlogged
watersheds. Sand content in streams from logged
watersheds was greater than in those from unlogged
ones, but similar those at unlogged sampling sites
with a history of mass wasting in upstream reaches
(Fig. 3). The greatest sand contents were observed at
sites where both the streamside was logged and
where mass wasting had occurred upstream. Sites
that were directly affected by landslides and debris
torrents appeared to have the fewest fines (clear bar,
Fig. 3), but the greatest variability among sites
(Tripp and Poulin 1986). Some sites had recently
experienced mass wasting, while others had been
scoured for years.
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1971 to 1993. A Gumbel frequency
distribution is superimposed on the graph to
show probable return periods for the floods.
The 1990 maximum was predicted from a
correlation of annual peak flows from B-weir
and E-weir (R2 = 0.77).

Two-way analyses of variance indicated
differences among sites affected by mass wasting
upstream and logging. Analyses were completed
using Fredle Indices (geometric mean particle
size/standard deviation), proportions of sample with
particles <3.36 mm diameter (sand), and proportions with particles <0.85 mm diameter (fine sands)
for a single sample set from each site (Tripp and
Poulin 1986). The proportions of fine sediment in
the samples were significantly greater in streams
with mass wasting (P= 0.03, 0.049, and 0.005) and
with logging (P= 0.067, 0.06, and 0.006), but there
was no interaction between treatment effects
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(P= 0.43, 0.37, and 0.73). Logging was the main
factor influencing overall results (P= 0.045; Tripp
and Poulin 1986).
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  The relationships between survival to fry
emergence and geometric mean particle size of
gravel used by spawning coho and chum
salmon in Carnation Creek (updated from
Scrivener and Brownlee 1989).

 

Effects of Stream Sedimentation on
Salmon Embryos and Other Biota

Survival rates from egg deposition to fry emergence
declined for both juvenile chum (Oncorhynchus
keta) and coho salmon (O. kisutch) after forest
harvesting in the Carnation Creek watershed
(Hartman and Scrivener 1990). Incubation survival
was positively correlated with the geometric mean
particle size of the top 15 cm of the streambed
(Fig. 4). It declined 45% for chum salmon and 40%
for coho salmon after logging was begun (Table 1).
Dissolved oxygen and permeability declined in
relation to mean particle size of the incubation
environment (Scrivener and Brownlee 1981, 1989).
Scouring also increased as the mean particle size of
the bed decreased (Hartman and Scrivener 1990;

Y = 3.54 × -23.60
r = 0.60, p <0.01
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82
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0

81

73

Estimated coho egg-to-fry survival rates for
Carnation Creek and Queen Charlotte Island
streams, using the correlation between survival
and streambed composition obtained from
Carnation Creek (% Sur. = Fredle Index × 17.28
- 38.11, n= 18, P<0.01). Mass wasting was not
common in unlogged watersheds.
Predicted coho survivals

Logging
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Creek (%)
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–
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15

34

Instream

–

57
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Scrivener 1991). Increasing proportions of pea gravel
and sand have caused the decline of mean particle
size (Scrivener and Brownlee 1989). These particles
moved downstream on the surface of the bed during
large freshets, filled pore spaces in the surface gravel,
and caused a size-selective entombment of the
salmon fry (Hartman and Scrivener 1990). Survival
also appeared to decline for steelhead and cutthroat
trout (O. mykiss and O. clarki; Hartman and
Scrivener 1990) and macroinvertebrates (Culp and
Davies 1983) because summer densities of both fish
and benthic taxa declined after logging.
A reduction of incubation survival has limited
the size of the chum salmon population, but it has
not limited coho salmon production in Carnation
Creek. Between 1971 and 1990, one-third of the
52% decline of chum salmon spawners was caused
by forest harvesting and more than half of it was
attributed to changes in incubation success
(Scrivener 1991). The decline of incubation survival
among coho salmon was partially ameliorated
during later life stages (Hartman and Scrivener
1990). After logging, coho fry emerged earlier, thus
became larger by autumn, and survived better over
winter. During winter, they also used off-channel
habitat that was little impacted by forest harvesting.
There was no direct measurement of egg-to-fry
survival in either coho or chum salmon from
streams on the Queen Charlotte Islands, but the
relative importance of increased sedimentation and
scouring on survivals can be implied. Coho survival
rates can be estimated indirectly using the relationship between survival and streambed composition at
Carnation Creek, and the data on gravel composition from Queen Charlotte streams. They showed
the same pattern of decline as in Carnation Creek
(Table 1). The relative decline in survival was also
similar for both studies: 40% in Carnation Creek
and 38% in the Queen Charlotte Islands. Absolute
values for survival were predicted to be greater for
Queen Charlotte streams than for Carnation Creek,
possibly because sampling methods (McNeil vs.
freeze-core samples; Figs. 1 and 3) and sample
locations were different (pool-riffle breaks vs. crosssections through riffles and glides). Fine sediments
in the streambed are slightly underestimated when a
McNeil sampler is used (Platts et al. 1983). Survival
values from Carnation Creek also integrated other
factors such as spawner density, redd location, and
channel gradient <1% that were probably less
influential in Queen Charlotte streams.
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Effects of Scouring

Streambed scour likely had an important effect on
egg-to-fry survival in some streams on the Queen
Charlotte Islands, particularly where mass wasting
loaded the channel with sediments and debris or
where large woody debris was redistributed in high
gradient reaches. Scour occurred regardless of
logging condition in high gradient channels,
although logging greatly increased the incidence of
mass wasting (Tripp and Poulin 1986). It appeared
to be a long-term problem for fish habitat in these
streams. By comparison, logged streams with low
gradients and no recent mass wasting had relatively
little scour (Tripp and Poulin 1986). If the loss of
salmon eggs due to scouring is assumed to be
directly related to depth of the incubating eggs,
mortality due to scouring alone could be ≥70% for
coho salmon in the most active streams. The strong
relationship between depth of scour and actual
spring densities of coho fry supports this possibility
(Fig. 5). Densities were also lower in streams with
mass wasting than without it (Tripp and Poulin
1992). On the Queen Charlotte Islands, egg losses
Spring coho fry density (no. m-2)
25
Y = 11.128 - 3.073 × InX
r = -0.89, p <0.01

Tarundl
20

Mass wasted
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10
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  The relationship between mean depth of
streambed scour during winter and fry
densities next spring for coho salmon using
logged streams in the Queen Charlotte Islands
(redrawn from Tripp and Poulin 1992).

due to scouring could be even higher for species
such as pink (O. gorbuscha) and chum salmon,
which appeared to have shallower redds than coho
salmon (Tripp and Poulin 1986; Hogan and Schwab
1991). Elsewhere, chum and pink salmon tend to
spawn in lower gradient reaches that are affected less
by scour, but these sites are more likely to
accumulate fine sediments (McNeil and Ahnell 1964;
Everest et al. 1987; Hartman and Scrivener 1990).
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Overwintering Habitats and Survival of Juvenile Salmonids in Coastal Streams of British Columbia
G F. H, D B. T,  T G. B

Introduction

Foresters and biologists involved in harvest planning
and logging operations make decisions that affect
the survival and production of salmon and trout.
Their decisions may, among other things, govern the
quality and availability of winter habitat for juvenile
fish. Because of low water temperatures and extreme
conditions of streamflow during winter, fish are
vulnerable if winter habitat is lost or degraded.
Winter is a critical period for juvenile salmonids.
Therefore, it is important for land use managers to
understand some of the behaviour and habitat needs
of young fish during the winter period.
This paper reviews the different life history
strategies observed in young salmonids in Carnation
Creek, and compares them to the life history patterns
of coho salmon (Oncorhynchus kisutch) in the
Clearwater River, Washington. It briefly reviews the
seasonal changes in the behaviour of young coho
salmon and steelhead trout (O. mykiss) and indicates
some of the features of behaviour that help these
two species survive winter conditions. We review
information, particularly from Carnation Creek, on
habitat use and timing of seasonal redistribution
from one type of habitat to another. This paper
compares overwinter survival of juvenile coho
salmon, before and after logging, in the off-channel
habitat of Carnation Creek. It also provides estimates of overwinter survival in the main channel
after logging.
Information on survival of coho salmon and
steelhead trout in logged and unlogged streams in
Queen Charlotte Islands permits limited comparison
of the two areas. Therefore, we compare conditions
in streams on the Queen Charlotte Islands to those
in Carnation Creek in an attempt to determine why
responses to logging were different in some respects.
We also comment on egg-to-fry survival of chum

salmon (O. keta). The spawning and incubation
periods are the only times during which chum
salmon depend upon freshwater habitats. Chum
salmon fry emigrate seaward soon after they emerge
from the streambed in spring. Because the life
history of chum salmon is very different than that of
coho salmon and trout, comparisons cannot be
made between chum fry and the juvenile stages of
the other stream-dwelling salmonids. However
chum salmon must be discussed because they
responded dramatically to logging as well as to
changes in ocean conditions. Future logging
practices must carefully consider potential impacts
on chum salmon.
Behaviour

Background Behaviour Studies of Fish in Winter
The behaviour and habitat use of young salmonids
is a reflection of their physiological capabilities and
environmental pressures. The metabolic demands of
poikilothermic animals are reduced as environmental temperatures decrease. Swimming speed is
also reduced at lowered water temperatures. As a
consequence, the behaviour and habitat requirements of fish are different at reduced temperatures.
They need less food but depend more on cover for
protection from predators and from displacement
downstream by high winter streamflows.
That salmonids exhibit changes in behaviour and
habitat needs at different times of the year has been
long recognized. Shifts in behaviour and related
changes in habitat use during winter were recorded
many years ago for Atlantic salmon (Salmo salar;
Lindroth 1955), brown trout (S. trutta; Hartman
1963), coho salmon and steelhead trout (Hartman
1965), and chinook salmon (O. tshawytscha) and
steelhead trout (Edmundson et al. 1968; Chapman
and Bjornn 1969).
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The two principal types of response to winter
conditions that have been observed for juvenile
salmonids are:
1. selection of special habitat features that provide
cover within a main stream channel; and
2. migration to ponds, sloughs, swamps, and small
ephemeral tributaries, usually in floodplain areas.
While exhibiting one of these responses or the
other, fish also make a number of microhabitat
choices. Since 1975 there have been many studies
dealing with microhabitat selection during winter by
young salmonids. Among these are key studies on
coho salmon and steelhead trout (Bustard and Narver
1975), brook trout (Salvelinus fontinalis) and brown
trout (Cunjak and Power 1986), Atlantic salmon
(Cunjak 1988), and coho salmon (McMahon and
Hartman 1989). Bustard and Narver (1975) first
demonstrated the use of small, ephemeral, floodplain
tributaries by coho salmon. There have, since then,
been many publications dealing with this behaviour
for coho salmon and cutthroat trout (O. clarki clarki)
(Cederholm and Scarlett 1981; Peterson 1982a,b;
Tschaplinski and Hartman 1983; Brown 1985; Swales
et al. 1986; Hartman and Brown 1987; Brown and
Hartman 1988; Swales and Levings 1989).
Survival in High-energy Streams These patterns of
behaviour and particular aspects of its timing are
especially significant for juvenile salmonids that
inhabit dynamic and high-energy stream environments such as those found in coastal British
Columbia. The behaviour and microhabitat selection by such fish, in response to severe seasonal
changes in streamflow, temperature, and associated
conditions, are critical for their survival. Survival
rates in different environments depend partly on
how well the behaviour of each species is adapted to
conditions in such environments, or conversely, how
much the environment has been changed from that
for which the species is best suited. Different species
of salmonids have evolved different mechanisms of
microhabitat use and different patterns of movement within a watershed in order to sustain their
populations. For this reason there are distinct
patterns of habitat use for various species and life
stages within the streams of coastal British
Columbia. Human activities that change habitat
conditions have the potential to change fish survival,
and even alter species composition.
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Patterns of Behavioral Change Specific kinds of
habitat, and behaviour suited to those habitats, are
required during each season. This type of information illustrates why habitat-protection biologists
must seek to retain certain conditions within a
system if fish are to survive there. Underyearling
coho salmon and steelhead trout (i.e., fry or age 0+
fish) exhibit a pattern of behavioral change and
habitat use from the time of emergence onward
(Hartman 1965). The young of both species are
particularly aggressive during the first few months
after emergence, and aggression levels increase with
water temperature increase. In this period, coho
tend to be distributed in pools and laminar-flowing
runs (glides), and steelhead and cutthroat trout in
shallow riffles and the downstream ends of pools. In
small coastal streams like the Salmon River, spatial
segregation of these two species is most pronounced
when inherent levels of aggressive behaviour are
highest (Hartman 1965). During early spring, a part
of the population of recently emerged coho
disperses downstream, and such fish either reside in
the estuary (Tschaplinski 1987) or move beyond it
and are lost at sea. Redistribution continues into the
late spring and early summer and is partly driven by
aggressive behaviour (Hartman et al. 1982). The
coho, cutthroat, and steelhead juveniles that remain
in the stream defend an area around themselves
which is called a “territory.” Territorial behaviour
spreads the fish in whatever habitat they select.
Relationship Between Behaviour and Space
Occupied The types of movements and aggressive
displays that each species of fish exhibits fits them to
certain kinds of environmental conditions better than
to others. In defending territories, young salmonids
display specific types of body postures and fin
movements as signals to other young fish. These
display signals are different for different species.
The behavioural displays of coho, steelhead, and
cutthroat equip them to defend, most successfully,
certain types of habitat. Juvenile coho display by
tilting their heads down, erecting their fins fully, and
swinging their bodies back and forth in an exaggerated fashion (“wig wag display”; Hartman 1965).
This type of behaviour equips them well to defend
space in the slow-moving water of a pool. Hartman
(1965) reported that coho salmon displaced trout
from pool habitat in this way. However, the same
behavioural movement is unsuited to conditions in

riffles because fish performing it would be displaced
from such fast-current habitat. Consistent with this
notion, coho salmon did not displace either steelhead (Hartman 1965) or cutthroat trout (Glova and
Mason 1977a, b) from riffles, and they lost in most
aggressive encounters in this type of habitat. On the
other hand, given the types of displays and movements that trout make, that is, lateral displays
(Kalleberg 1958) and the chasing and nipping behaviour they use, trout are able to defend space in
riffles with less risk of being displaced by current
while threatening other fish.
Winter and Behavioural Changes As juvenile
salmonids grow older, and when the season changes
from autumn to winter, two different facets of
behaviour develop:
1. coho and steelhead fry become less aggressive
(Hartman 1965), the result of both age and lower
water temperature during winter; and
2. some coho and cutthroat move from the main
channels of streams to off-channel habitat
(Tschaplinski and Hartman 1983; Brown 1985;
Hartman and Brown 1987).
Coho and cutthroat that redistribute themselves
to off-channel habitat require access that permits
entry in autumn, and exit in spring (Hartman and
Brown 1987). Steelhead do not redistribute as coho
and cutthroat do, but remain dependent primarily
upon habitat within the main channel of streams
such as Carnation Creek (Bustard and Narver 1975).
Habitat

Distribution in Different Kinds of Streams Juvenile
coho, cutthroat, and steelhead are distributed differently within stream systems of southwestern British
Columbia (lower Fraser River drainage; Hartman
and Gill 1968) and on Vancouver Island (Brown
et al. 1989). Differences in distribution are not rigid.
Among these three species, steelhead have been
found to predominate in large rivers such as the
Chilliwack, Puntledge, Squamish, and Alouette. Of
the two species of trout, cutthroat is the dominant
one in small tributaries near headwaters. It is almost
exclusively the species of trout found in small
streams that drain down through sloughs and
swamps, and is the most frequent trout occupant of
drainages < 6 km long. Steelhead often occur in

small steep tributaries that drain directly into a large
river (Hartman and Gill 1968). Coho can overlap
the distributions of cutthroat and steelhead, but they
usually do not occur as far upstream in small
tributaries as cutthroat do. On the Queen Charlotte
Islands, D. Tripp has observed that steelhead do not
occur in streams with drainage areas < 5 m2, unless
they were part of a larger system (Tripp Biological
Consultants, Nanaimo; unpublished data). Coho,
chum, and pink salmon, and Dolly Varden char have
been found to be essentially the only salmonids that
occur in small streams that flow directly into the sea.
Cutthroat were distributed farther upstream than
coho and steelhead in systems where the three
species were found (D. Tripp, Tripp Biological
Consultants, Nanaimo; unpublished data).
Habitats Used in Different Sasons Patterns of fish
distribution and habitat use may differ seasonally if
the stream system is diverse enough to accommodate
these shifts. Where habitat conditions permit, young
coho salmon exhibit a spectrum of different life
history strategies that allow different individuals
within a cohort (brood year) to occupy different
habitats (Fig. 1). Following autumn redistribution in
Carnation Creek, 75% of the age 0+ coho were in the
main channel, 20% were in off-channel habitats, and
5% were in estuarine drainages (Fig. 1; see Scrivener
Major habitat types
Season

Offchannel

First spring
Summer

Main
Upper
channel
estuary
emergence

90%

Estuarine
drainages Ocean
fry

10%

Autumn
redistribution
Winter

juveniles

20%

75%

5%

Second
spring

smolts
age 1+

Second
year

smolts
age 2+

  Coho use of different stream habitat components by season and stage of life history (from
Scrivener et al., this volume).
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et al., this volume). All of these fish originated from
eggs that had incubated in the main channel. In
Carnation Creek, most movement of age 0+ coho
into off-channel habitats occurred during high flow
periods in September, October, and November
(Fig. 2). Most of the exodus of these fish occurred
during March, April, and May the following spring.
Use of more than one type of habitat is
important because fish that behave this way have a
chance for a fraction of their population to survive
in one part of the aquatic environment even if

severe losses occur in another. This broad
distribution requires that managers protect a wide
range of habitats rather than just the main channel.
The situation represented in Fig. 1 for Carnation
Creek coho is more simple than that described by
Lestelle et al. (1993) for the larger, more complex
Clearwater River system in Washington (Fig. 3). In
the Clearwater River, coho salmon eggs incubated in
(or near to) five different types of habitat. However,
the numbers of fish rearing in these same habitats in
the summer and winter were not proportional to the
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Winter

  Generalized pattern of movement of coho salmon and cutthroat trout into and out of floodplain tributaries of a
coastal stream such as Carnation Creek. The ages of non-spawning fish which are moving are indicated. The
pattern of movement of cutthroat spawners during the March–May period is indicated by hatch marks.
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  Coho use of different areas of the Clearwater River by life stage, and the amount of production occurring in each
area (redrawn with permission from Lestelle et al. 1992).

numbers incubating in them. The low gradient
tributaries were an exception to this observation.
The work in the Clearwater system showed that
there were essentially two main life history
strategies, as well as major seasonal differences in the
relative importance of different parts of the system
for fish rearing.
The distances between incubation and rearing
habitats may vary widely depending on stream size.
In the Clearwater River, young coho salmon moved
downstream as much as 32.6 km before entering offchannel habitat (Peterson 1982a). In Carnation
Creek the distances moved were relatively short,
from a few hundred metres to 2 km.
The seasonal movements of coho, cutthroat, and
steelhead in Carnation Creek differed either in the
age composition of fish or the fraction of the
population that migrated. More year classes of
cutthroat trout than coho salmon took part in

off-channel movement. Cutthroat migration
patterns were the most complex: ages 0+, 1+, and 2+
cutthroat trout moved into off-channel habitats in
the autumn, and spawners plus ages 1+ and 2+ fish
moved there in the spring (Fig. 2). There was little
evidence that steelhead used small ephemeral
tributaries or ponds as winter habitat. Steelhead life
history was more simple than that of coho: these
trout overwintered almost exclusively within the
main channel of the creek.
Cover and the Function of Large Woody Debris
Coho salmon that remain in the main channels of
streams in winter depend on large woody debris
(LWD) for cover. The configuration and location of
LWD in the channel are important during this
critical period for fish survival. In Carnation Creek,
young coho chose cover on the basis of several of its
component features including overhead shade, low
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water velocity, and spatial interstices (McMahon and
Hartman 1989). A strong relationship has also been
shown between the volume of LWD that is in the
water during high flows and juvenile coho numbers
(Tschaplinski and Hartman 1983).
The loss of such LWD, or even changes in its
distribution, is detrimental to the maintenance of
coho habitat. Torrents that deposit piles of broken
wood or whole trees up on the stream bank or in
large, high debris jams within the channel do not
soon create ideal habitat in proportion to the volume
of wood deposited. Many years are needed before
fluvial processes can redistribute LWD from torrents
to make a significant contribution to fish habitat.

Percent egg-to-fry survival

Overwinter Survival

  Percent egg-to-fry survival of chum and coho

Egg-to-fry Survival in Carnation Creek Overwinter
survival is a function of gravel quality and stability
for incubating eggs, and of rearing habitat condition
and fish behaviour for juveniles. Many studies tend
to begin with post-emergent fish in their discussions
of fish survival before and after logging. However,
logging may have very important impacts on fish
survival even before fry emerge from the streambed.
In Carnation Creek, egg-to-fry survival declined
following logging (Hartman and Scrivener 1990).
Although survival of incubating eggs varied for both
chum and coho salmon from year to year before
1978, a general decline became clear thereafter
(Fig. 4). The causes of this decline in post-logging
survival included lower oxygen levels in the streambed, egg entombment by deposited sand, and stream
channel scouring (Scrivener and Tripp, this volume).
Any one, or all of these impacts together, can have
profound effects on the number of fry that emerge
and their subsequent growth, behaviour, and
survival. In Carnation Creek, the numbers of chum
salmon returning to spawn have declined progressively since about 1980 (Hartman and Scrivener
1990; Tschaplinski et al., this volume), partly a result
of conditions in the incubation environment altered
by logging.
Egg-to-fry Survival in the Queen Charlotte Islands
On the Queen Charlotte Islands, increases in fine
sediments in streams related to mass wasting or
logging were estimated to cause a 15–20% reduction
in the survival of coho salmon eggs (Tripp and
Poulin 1986). Logging alone accounted for as much
of the decline in the quality of the streambed for egg
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incubation as did mass wasting from locations
upstream. However, high levels of egg mortality in
the Queen Charlotte Islands were attributed to
debris torrents and associated stream channel
scouring (Tripp and Poulin 1986).
Egg-to-fry mortality in streams directly affected
by debris torrents was estimated to vary between 66
and 86% for chum and 45 and 70% for coho salmon
during a year of normal flows (Tripp and Poulin
1986). These estimates were based upon
measurements of the depth of streambed scour
during winter in selected streams and the depth
distribution of chum and coho eggs in the
streambed. Scouring in years of severe storms was
suspected to result in egg losses of 90–100% for the
same species, and is believed to be responsible for
the loss of entire brood years. These catastrophic
losses may have been the main reason that some
torrented streams had juvenile coho during one year
and not the next.
Survival of Juvenile Fish in Carnation Creek In
Carnation Creek, high rates of coho survival in offchannel habitats were suggested from the numbers
of coho that emigrated from them in spring
compared with the numbers that entered them in
the previous autumn. Bustard and Narver (1975)
found that 64–71% of the fish that entered a small
ephemeral tributary (“Trib-750”), left it the
following spring. These estimates of survival were
confirmed by those made later by Tschaplinski and
Hartman (1983) and Brown (1985) (Table 1).

  The percentage of juvenile coho salmon leaving
off-channel habitat in the spring after entering
in the fall and winter (i.e., percent “survival”)

Years

Percent
survival

1972–1973

64–71

1976–1981

67

Tschaplinski and Hartman (1983)

1983–1984

64

Brown (1985)

Source
Bustard and Narver (1975)

smaller and experienced lower survival than those
that entered in the first week of November.
Calculations based on data from Brown (1985)
also indicate different overwinter survival rates for
coho using off-channel and main-channel habitats.
In the winter of 1982–1983, coho survival in the
main channel was 56%; in 1983–1984 it was 34%.
Survival in the off-channel habitat showed an
opposite pattern (Table 2).
  Estimated percent survival of coho salmon

Assuming that most coho that chose to enter offchannel habitat completed this migration by
November 1, and began leaving by March 1, Brown
(1985) may have provided the best survival information available for coho salmon in off-channel
habitat in Carnation Creek. He reported a decline in
juvenile coho from about 270 to 170, or a 64%
survival (Fig. 5). Peterson (1982b), working in the
Olympic Peninsula, recorded 78% survival for coho
in one pond in the Clearwater River system, and
28% in another. He attributed the low survival in
the second pond to its shallower depth and thus
better conditions for avian predators. Timing of
entry to the Clearwater River ponds was also
important. Fish that entered in late November were

during their first winter in main-channel and
off-channel habitats

Year

Off-channel
survival (%)

Main-channel
survival (%)

1982–1983

35

56

1983–1984

43

34

These differences in survival were related to hydrological conditions during spring. Twenty-three percent of the total number of coho smolts produced
from Carnation Creek in spring came from off-channel habitat in the winter of 1983–1984, while 15.3%
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  Change in juvenile coho population over a winter period in one ephemeral swamp (R750m) (from Brown 1985).
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came from such habitat in 1982–1983. Brown and
Hartman (1988) attributed this difference in production to water levels during the April–May period.
During the spring, when the smolt contribution
from off-channel habitat was high, the water level
was 55% above the 13-year average for that time.
When the smolt contribution was low, the water
level was relatively low (Table 3).
  Relationship between percentage of coho smolts
that come from off-channel habitat, and water
level during April and May of the year of smolt
transformation

Year

April–May
water level
compared to
13-year mean

Percentage of smolts
from off-channel
habitat

1983

37% below

15.3

1984

55% above

23.1

Juvenile coho salmon residing in off-channel
habitat grew more during the winter than those
remaining in the main channel. In the winter of
1983–1984, age 0+ coho at a site 2.7 km upstream
from the mouth of Carnation Creek grew 3.8 mm
on average from November 10 to March 10 (Brown
1985). Growth increments during the same period
in various parts of the off-channel environment
ranged from 6.8 to 12.8 mm (Brown 1985). Use of
off-channel environments may not only have
provided coho with the advantage of alternate habitats, but it may also have resulted in greater size and
hence increased potential for survival later in life.
Survival of Juvenile Fish on the Queen Charlotte
Islands D. Tripp measured changes in density of
coho salmon and steelhead trout through the winter
(September to April) in 27 reaches of 11 streams on
the Queen Charlotte Islands during 1990–1991 and
1992–1993 (Tripp Biological Consultants, Nanaimo;
unpublished data). Sixteen reaches in 8 streams,
mostly logged, were surveyed over the 1990–1991
winter, and 11 reaches in 3 other streams were added
to the survey for the following year (Table 4).
Eight logged and 3 unlogged streams were
eventually examined. There were 16 reaches in the
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  Number of logged and unlogged streams and
stream reaches, studied on the Queen Charlotte
Islands, 1990–1991 and 1992–1993

Number of
streams

Number of
stream reaches

Year

Logged

Unlogged

Logged

Unlogged

1990–1991

7

1

13

3

1992–1993

8

3

16

11

former and 11 in the latter. Twelve of the 16 logged
reaches were on the east coast of the island and all of
the unlogged ones on the west coast. Logging had
occurred upstream of only two of the unlogged
reaches.
In autumn, the densities of age 0+ coho in the
logged stream reaches were much higher than those
in the unlogged ones (Fig. 6). By the following spring,
however, the differences in densities between the
logged and unlogged reaches had largely disappeared:
densities of age 0+ fish in the two stream types were
nearly equal (Fig. 6). Although the effects of fry size
on overwinter survival was unclear in these Queen
Charlotte Islands streams, overwinter survival of fry
in Carnation Creek was strongly correlated with fry
size in the autumn (Holtby 1988).
The densities of the age 1+ coho in autumn were
lower than those of the age 0+ fish and declined
Number of fish per 100 m2 of channel
30
30
25

0+ coho

20
15

25
0+ coho

20
15

1+ coho

10

10

5

5

1+ coho

Fall
1990

Spring
1991

Fall
1992

Spring
1993

Logged reaches (N = 13 in 1990/91, N = 16 in 1992/93)
Unlogged reaches (N = 3 in 1990/91, N = 11 in 1992/93)

  Juvenile coho salmon densities in logged and
unlogged reaches of streams on the Queen
Charlotte Islands.

much less through the winter (Table 5). Differences
in the densities of age 1+ coho between logged and
unlogged streams were smaller than those of the age
0+ fish. This relationship was most evident in the
1992–1993 winter when the largest number of each
stream type was sampled.

Number of fish per 100 m2 of channel
36
33
30
27
24

  Percentage of coho left in logged and unlogged
stream reaches following the winter indicated

East coast streams
West coast streams

1+ coho
salmon

21
18
15

Time period
(Sep–Apr)

Age 0+ (fry)

Age 1+ (yearlings)

Logged Unlogged Logged Unlogged

12

1+ coho
salmon

9

Fall 1990 to
Spring 1991

23

35

71

29

Fall 1992 to
Spring 1993

22

31

49

59

6
3
0
Fall
1992

The differences between fish densities in logged
and unlogged reaches, and the variation in the
decline in densities overwinter, may have been largely
due to differences between the east and west coast of
the Queen Charlotte Islands. The influence of
geography is indicated by patterns of overwinter
survival of juvenile coho salmon that were similar in
both the logged versus unlogged comparisons and the
east versus west stream comparisons (Figs. 6 and 7).
The relationship between densities of age 0+
steelhead trout in logged and unlogged reaches, and
the pattern of overwinter decline in their densities
were similar to those of age 0+ coho (Fig. 8). The
densities of age 1+ steelhead were also higher in the
logged reaches than they were in the unlogged ones
in both the autumn and the following spring. The
densities of ages 2+ and 3+ steelhead were nearly the
same in logged and unlogged reaches, and declined
little or actually increased in some cases during the
winter (Fig. 8). Like coho, all age classes of steelhead
trout showed similar declines, regardless of whether
they occupied east or west coast streams (Fig. 9), or
logged and unlogged streams (Fig. 8).
The decline in densities of both coho and steelhead in winter was greater for the young fish than
for the older ones. Table 6 summarizes the percentage of steelhead trout left in spring based on density
changes from fall to spring. It indicates that the
overwinter survivals for ages 2+ and 3+ fish were

Spring
1993

  Juvenile coho salmon densities in east and west
coast streams on the Queen Charlotte Islands.

higher than those for ages 0+ and 1+ fish. The densities of age 3+ fish actually increased over winter (due
to immigration from other sites). The numbers in
Tables 5 and 6, and the lines in Figs. 6–9 represent a
combination of mortality and fish movements into or
out of the various study reaches. Increased numbers
of older fish after winter indicate that survival plus
fish movements into the reach exceeded mortality
plus fish movement out.
  Percentages of steelhead left in reaches
following the winter indicated in logged and
unlogged stream reaches

Fall 1990–Spring 1991
Fish age-class

Logged Unlogged

Fall 1992–Spring 1993
Logged

Unlogged

0+

64

43

40

23

1+

69

50

85

57

2+

77

73

96

81

3+

175

75

225

163
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Number of fish per 100 m2 of channel
12
11

Logged reaches (N=16)
Unlogged reaches (N=11)

Number of fish per 100 m2 of channel
16

Logged reaches (N=16)
Unlogged reaches (N=11)
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3
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2
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  Juvenile steelhead densities in logged and

  Juvenile steelhead densities in east and west
coast streams on the Queen Charlotte Islands.

unlogged reaches of streams in the Queen
Charlotte Islands.

Within logged systems, the direct effects of debris
torrents on fish production and survival were more
clear. In an earlier survey (Tripp and Poulin 1992),
overwinter survival of steelhead and coho in
“logged” and “logged-plus-torrented” streams on the
Queen Charlotte Islands varied from stream to
stream. However, survival was lower in torrented
streams than in logged streams. Overwinter survival
of coho in three logged-plus-torrented streams
ranged from 2.0 to 12.1%, and in three logged
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streams that had not experienced debris torrents it
ranged from 3.6 to 34.7%. The overwinter survival
of steelhead in one torrented stream was 7.0 %,
while in two logged streams that had not had debris
torrents it was 13.7 and 22.4%. These overwinter
survival values are relatively low compared to those
in Carnation Creek. These survival rates were
minimal, however, because estimates were based on
fence counts, and floods interrupted fence
operations for 3–10 out of 40–80 operating days on
the various streams.

Difficulties in Comparing Carnation Creek to
Streams on the Queen Charlotte Islands At least six
important differences stand out between the
Carnation Creek drainage and those sampled in the
synoptic surveys on the Queen Charlotte Islands:
1. The floodplain and estuary habitat in the
Carnation Creek system was more extensive than
in the streams typically sampled on the Queen
Charlotte Islands. These habitats can buffer
certain types of logging effects.
2. The streams sampled on the Queen Charlotte
Islands were more likely to be directly affected
by slides and debris torrents than was
Carnation Creek.
3. The watersheds investigated on the Queen
Charlotte Islands were logged earlier on average
than was the Carnation Creek drainage. Cutting
for the first phase of the Carnation Creek study
occurred between 1976 and 1981. On the Queen
Charlotte Islands, logging in the areas studied
spanned 1948–1990 (cutblock age averaged
27 years in 1994). Logging in the Queen Charlotte
Islands also extended further upstream, above the
study reaches, than was the case in the Carnation
Creek drainage.
4. Bedrock types and rainfall patterns varied from
the east to the west on the Queen Charlotte
Islands. Because logged and unlogged streams
also tended to be split between the east and west
coast, systematic variables such as rainfall and soil
nutrients may have masked some logging effects.
The effects of east versus west may confound
comparisons of logged versus unlogged reaches.
5. Egg-to-fry survival in chum salmon could not be
compared between Carnation Creek and the
Queen Charlotte Islands. This limitation is
unfortunate because chum salmon usually spawn
in the lower portions of a drainage system and
may thus reflect the cumulative impacts of fluvial
disturbance more sensitively than coho salmon
or trout.
6. There was a difference between the way juvenile
steelhead numbers appeared to respond to logging in streams on in Queen Charlotte Islands
and in the Carnation Creek drainage. This may
have been caused by greater loss of deep pools
in Carnation Creek than in Queen Charlotte
Island streams, or it may have been due to the
operation of a fish fence and, intensive work in
Carnation Creek.

There were major differences among the life
history strategies of coho salmon and steelhead and
cutthroat trout when they occurred in complex
habitat systems such as that found in Carnation
Creek. Because there were also differences among
the ways that these species responded to logging
impacts, it is important to understand as much as
possible about what impacts might occur in
different types of systems. Evidence from Carnation
Creek indicated that during the logging period of
1976–1981 and afterward, steelhead trout numbers
followed a pattern different from that of cutthroat
trout or coho salmon (Hartman and Scrivener
1990). The latter two species made use of offchannel habitat: steelhead did not. Steelhead survival
may have declined because of the loss of deep pool
habitat, a loss that would have had the most effect
on ages 2+ and 3+ juveniles. We are unable to
compare the effects of logging on pool habitat in the
two areas and can not explain the apparent
differences in steelhead survival.
The studies in both Carnation Creek and Queen
Charlotte Islands provided information about processes and fish population responses from a range of
streams. Winter was a critical period in which populations of young fish were reduced in both studies.
Consideration must therefore be given to those
activities that will affect the quality and quantity of
winter habitats and fish access to these sites. Forestry
activities must minimize debris and sediment release
and transport, from the headwaters down.
We suggest that stream aspect, gradient, elevation,
hydrological energy, and channel structure are
primary features that determine fish responses to
land-use treatments. Furthermore, if progressively
higher proportions of terrain proposed to be logged
in the future falls into steeper slope categories, the
scale of impact associated with these features will be
greater. In the absence of progressive refinement of
management measures, impacts on overwintering
habitat and survival will increase.
If we look for standardized ways of dealing with
forestry impacts for all watershed ecosystems and
fish species, we will fail in our efforts. It is an error
to look for simple “formula-type” management for
complex and varied systems that contain several fish
species each of which is different in the way it
responds to impacts. It is more important that
managers try to understand the processes operating
within stream ecosystems, processes that vary
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according to differences in land characteristics, than
to seek sets of rules for each perceived situation.
This recommendation does not mean that forestry
practices should not be related to impacts on fish.
Rather, it means that in order to relate forest
practices, impacts, and fish production, we must
understand processes as much as possible.
Knowledge of processes, and variability within them,
must be regarded as key parts of the foundation of
planning and regulation.
Summary

The management of Pacific Northwest salmon and
trout requires an understanding of the processes
which control their use of freshwater habitats, and
their survival while in these habitats. Furthermore,
managers must recognize that these processes may
vary among watersheds and regions. To illustrate the
complexity of fish-forestry interactions, the behaviour and habitat use of juvenile coho salmon, and
steelhead and cutthroat trout are described briefly
and compared for some of the different streams and
regions of northwestern North America.
Coho salmon and cutthroat trout have life history
strategies that include the use of small, floodplain
tributaries, swamps, and sloughs during winter.
Smolt numbers of these two species did not decline
following logging in the Carnation Creek drainage
because both species used these off-channel refuges
which were little altered by forest harvesting.
The life history strategy employed by steelhead
trout was apparently more limited. Steelhead trout
made little use of off-channel refuges in winter, and
their numbers fell for several years after logging in
Carnation Creek. Differences in life history strategy
among species may be reflected by the overwinter
survival of their juveniles, but results of studies in
different regions were not consistent. Steelhead
smolt abundance declined for at least the first
10 years following logging in Carnation Creek. This
decline appears to be anomalous with results from
work on the Queen Charlotte Islands where numbers of steelhead juveniles, within stream sections,
did not decline in response to logging. Densities of
ages 0+ and 1+ steelhead trout were higher in logged
stream sections than in unlogged ones, but this
pattern was not apparent in older fish. Densities of
age 0+ coho salmon were higher in logged sections
in the autumn, but they were similar between logged
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and unlogged sites by spring. Overwinter survival
information for age 0+ coho salmon was more
consistent between studies than it was for steelhead
trout. Overall, coho and trout, especially cutthroat
trout, appeared to be affected less by the impacts of
logging than were chum salmon, which were
severely reduced in numbers in Carnation Creek.
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Long-term Patterns in the Abundance of Carnation Creek Salmon, and the Effects of Logging,
Climate Variation, and Fishing on Adult Returns
P J. T, J. C S,  L.B. H

Introduction

The effects of forest harvesting on fish populations
have been studied for over 23 years at Carnation
Creek on the west coast of Vancouver Island, British
Columbia. This intensive case study of a single watershed has generated the longest series of continuous
data on fisheries-forestry interactions anywhere. The
Carnation Creek Experimental Watershed Project was
initiated in mid-1970 by the federal agency now
known as the Department of Fisheries and Oceans. In
the 1960s, resource managers and planners had to
base their judgements about the effects of logging on
fish populations on studies conducted elsewhere in
North America, such as Oregon, Alaska, and as far
away as New Hampshire. Both the forest industry and
government resource agencies expressed concern that
these extrapolations might not lead to the most
appropriate planning decisions for areas on the west
coast of British Columbia. Therefore, the Carnation
Creek study was initiated to provide fisheries-forestry
information on at least one type of drainage basin in
coastal British Columbia.
After 1971, the Carnation Creek study greatly
expanded into a multi-agency, multi-disciplinary
program on the effects of forest harvesting on a
coastal watershed and its salmon and trout populations. The objectives of this research and monitoring
program were to: 1) provide an understanding of
the physical and biological processes operating
within a coastal watershed; 2) reveal how the forest
harvesting practices employed in the 1970s and early
1980s changed these processes; and 3) apply the
results of the study to make reasonable and useful
decisions concerning land-use management, fish
populations, and aquatic habitat protection. The
project has achieved these goals despite the limitations typically associated with intensive studies

made only in a single watershed. Over 180 publications have been produced from Carnation Creek
research. The results from this project have made
major contributions to the British Columbia Coastal
Fisheries-Forestry Guidelines (CFFG) implemented
in 1987, and the legally binding provisions for
aquatic habitat protection within the new British
Columbia Forest Practices Code.
Fish populations have been studied at Carnation
Creek virtually continuously since 1970. This project
has thus provided researchers with a unique opportunity to examine the long-term changes in the
abundance, growth, and survival of coastal salmon
and trout under a regime of forest harvesting. The
objectives of this review are to illustrate:
1. the changes in the abundance, growth, and
survival of coho salmon (Oncorhynchus kisutch),
chum salmon (O. keta), anadromous rainbow
trout (“steelhead”, O. mykiss), and cutthroat trout
(0. clarki) in Carnation Creek from 1970 or 1971
(depending upon the species) to 1993 through
5 pre-logging, 6 during-logging, and 12 postlogging years;
2. the complex effects of forest harvesting and the
way in which they vary among species and among
the life stages within the same species; and
3. the dependency of salmonid production on
biological and physical processes occurring not
only within watersheds, but also in marine
environments (e.g., climate-associated changes,
predation, and fishing).
The following discussion also shows the value of
long-term, multidisciplinary studies for clarifying
the complex interactions among land-use practices
and the natural processes occurring within
watersheds, which together determine salmonid
abundance and growth in coastal streams.
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following summary is condensed from the detailed
descriptions in that work.
Carnation Creek is located approximately 20 km
northwest of Bamfield on the south shore of Barkley
Sound in southwestern Vancouver Island (49°N,
125°W; Fig. 1). The watershed occurs within the
Coastal Western Hemlock Biogeoclimatic Zone,
which spans the west coast of North America from
the Olympic Peninsula in Washington State to the
Queen Charlotte Islands and southeast Alaska
(Krajina 1969). The stream drains an area of 11 km2

Methods

The design of the Carnation Creek Experimental
Watershed Project and the methods employed for
monitoring physical variables and biological
processes before, during, and after forest harvesting
have been thoroughly described by Hartman and
Scrivener (1990). Those authors summarized all
aspects of the project and provided a comprehensive
bibliography of the publications generated from
Carnation Creek research, current to 1990. The
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123°W

and contains rugged terrain between 0 and 800 m
elevation. The valley walls have gradients up to 80%.
The main stream is about 7.8 km long, but only the
lowermost 3.1 km extending from the stream mouth
to the base of a steep-gradient canyon is inhabited
by anadromous salmonids, including coho salmon,
chum salmon, steelhead trout, and cutthroat trout.
Much of this lowest stream reach contains a valley
bottom of about 55 ha that is 50–200 m wide. The
coarse, well-drained soils, forest cover, hydrology,
and heavy annual precipitation ranging from 210 to
over 500 cm/yr are typical of western Vancouver
Island and many other areas of coastal British
Columbia. About 95% of the annual precipitation
falls as rain, primarily during autumn and winter.
High variations in seasonal rainfall cause stream
discharge to range from 0.03 m3/s in summer to
64 m3/s in winter. Stream discharge may increase by
200 fold within 48 hours because of the rapid runoff
from rainstorms that produce up to 26 cm of
precipitation within the same period.
The Carnation Creek study originally sought to
determine the effects of three different types of
streamside forest-harvest treatments on stream
channels and fish populations. These treatments
were applied along the lowermost 3 km of stream
accessible to anadromous salmonids. A “leave-strip
treatment” was applied from the estuary to 1300 m
upstream. This treatment was designed to buffer the
effects of clearcut logging from the stream channel
by leaving a riparian strip of trees that varied from
1 to 70 m wide. An “intensive treatment” was
applied along 900 m of stream channel immediately
upstream from the leave-strip treatment. The
intensive treatment involved clearcut harvesting
simultaneously along both sides of the stream up to
the channel margin. No riparian trees were left
standing. Any activity within the channel that was
considered operationally convenient, such as felling
and yarding trees across the stream, was permitted.
Economically valuable, windthrown trees lying
within the stream channel were removed. Loggingassociated debris was burned after the forest was
harvested. The third treatment, called “careful
clearcutting,” was applied over the 900 m length of
stream immediately upstream from the intensively
treated area. No activity within the stream was
permitted in this treatment, with the exception that
six trees leaning over the stream channel were felled
across it and removed. Perennial vegetation on the

streambanks, such as salmonberry (Rubus
spectabilis), was left alone; however, red alder trees
(Alnus rubra) were removed.
The responses of a comprehensive set of
biological and physical variables within the
Carnation Creek basin were determined relative to
forest harvesting over: (a) 5–6 pre-logging years
spanning 1970 to 1975 (beginning in 1970 or 1971,
depending on the variable measured); (b) 6 years
spanning 1976 to 1981, during which 41% of the
watershed was harvested (including almost all of the
valley bottom); and (c) 12 post-logging years from
1982 to 1993. From 1987 to 1993, additional
harvesting occurred in headwater areas remote from
the main stream channel (<15% of the basin area).
Historical Data Collections Data collected historically have included comprehensive information on:
climate; stream temperatures and discharge; groundwater levels (piezometers); water chemistry; stream
channel morphology; large woody debris abundance
and distribution (“LWD” which includes tree trunks,
root masses, and large limbs); streambed particlesize composition (frozen-core methods); suspended
sediment transport during high flows (automated
sampling at one hydrological weir); streambed scour
and deposition; ground disturbance, landslides, and
post-logging revegetation; biomass of aquatic algae
(periphyton); abundance and distribution of benthic
macroinvertebrates; and fish populations. Details of
all historic methods are given in Hartman and
Scrivener (1990).
Fish population studies have examined, among
other factors:
• abundance and distribution of adult salmonid
spawners returning to the stream (autumn and
winter);
• numbers of juvenile salmonids (smolts and
young-of-the-year [fry]) migrating seaward in
spring;
• abundance, distribution, age structure, growth,
and survival of juvenile salmonids rearing in
freshwater and estuarine habitats during summer
and early autumn;
• seasonal movements of juvenile salmonids out of
the main stream into “off-channel” overwinter
habitats, and return movements in spring;
• main-channel and “off-channel” abundance,
distribution, and survival of juvenile salmonids in
winter;
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• chum egg incubation, egg survival, and fry
emergence (redds capped with trap nets); and
• fecundity for female chum and coho salmon for
estimates of annual egg-to-fry survival.
See Andersen (1978, 1981, 1983, 1987), Andersen
and Narver (1975), Andersen and Scrivener (1992),
Brown (1987), Brown and Hartman (1988), Brown
and McMahon (1988), Bustard (1991), Bustard and
Narver (1975), Tschaplinski (1982a, b; 1988), and
Tschaplinski and Hartman (1983).
Current Data Collections Many variables and
processes continue to be studied. Work currently
concentrates on fish populations and habitat, stream
channel morphology, streambed movements, climate,
hydrology, forest regeneration and growth, and
hillslope processes.
Water temperature, depth, and discharge are
monitored at permanent hydrological weirs installed
on the main stream and on several principal tributaries. Climate stations are located in several sites at
different elevations in the watershed. Some stations
are co-located with the hydrological weirs. Air
temperature, solar radiation, precipitation, relative
humidity, and wind speed and direction are the
climate variables monitored. Climate and hydrology
stations have been updated by the installation of
continuous-operation, electronic data recorders.
Channel morphology changes are determined
annually in nine survey reaches of the stream (which
incorporate the same sections used to determine
seasonal fish population abundance and distribution). Standard survey and mapping techniques are
employed (see Hartman and Scrivener 1990). Within
each survey section: (1) all pieces of LWD are mapped
and identified with numbered metal tags to observe
changes in distribution and abundance; (2) textural
distributions of surface sediments, especially fines, are
described visually by using grid samplers and then
mapped; and (3) cross-sectional and longitudinal
profiles of the stream channel are obtained to
describe its geomorphology. These ground-based
techniques are supplemented with annual aerial
surveys of the entire creek channel. Stereo aerial
photographs are used to determine changes in channel structure in areas between study reaches and to
generate an inventory of fish habitats throughout the
stream. Aerial photographs will also be employed to
monitor the rates of canopy closure over the creek as
the new forest grows. Canopy closure and forest
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growth will studied relative to future water temperature changes in Carnation Creek.
Channel scour and deposition are studied in the
same survey reaches by using scour-and-fill monitors (Haschenburger, this volume). Sediment
(bedload) transport is estimated by studying the
annual movements (distances and depths) of painted, magnetic rocks placed onto the streambed. These
rocks represent the size distributions found in the
streambed (Haschenburger, this volume).
Adult salmonids (coho and chum salmon, and
steelhead and cutthroat trout) returning to spawn in
Carnation Creek are enumerated at the main fish
weir located near the mouth of the stream. Spawners
are identified to species and sex. Ages are determined
from scale samples and lengths are taken. Chum
salmon that spawn downstream of the fence are
enumerated visually each day by observers on foot.
Juvenile salmonids (fry and smolts) and sculpins
(Cottus asper and C. aleuticus) migrating seaward in
spring are also enumerated and identified to species
at the main fish weir. Large samples of salmonid fry
and smolts (up to 50 individuals per species per day)
are measured for length and weighed. Scale samples
are taken daily from up to 50 smolts of each species.
The abundance, habitat distribution, growth, and
survival of populations of juvenile salmonids and
sculpins rearing in Carnation Creek from spring to
autumn are currently determined from three surveys
conducted usually between June 15 and late September. During each survey, the two-catch removal
method (Seber and LeCren 1967) is used to assess
abundance within 9–10 representative study sections.
Fish are captured by electrofishing and seining in
each of two fishing trials. Barrier nets are employed
to ensure no fish move between the surveyed section
and adjacent stream reaches. Each fish collected is
identified to species and measured for length
(Andersen and Narver 1975). Large samples are
weighed, and scales are taken to determine population age-size distributions and age-specific growth
rates. The total abundance of fish in Carnation Creek
is determined by extending the numbers of fish
captured in the survey sections to the total length of
stream inhabited by each species. Within each
surveyed section, the total wetted surface area of the
stream and its component pool, glide, and riffle areas
are measured to determine densities of fish in specific
habitats. Fish habitat is classified and quantified
according to methods adapted from Bisson et al.
(1982) and Hankin and Reeves (1988).

The principal trends in Carnation Creek fish
population abundance, distribution, and survival
over the past 23 years are discussed primarily for
coho and chum salmon—the dominant species in
the watershed.
Adult Chum and Coho Salmon Returns Adult
chum salmon return to spawn in Carnation Creek
primarily as 4-year-olds (usually >80%) and mainly
in October and November (Hartman and Scrivener
1990). In most years, chum salmon has been, in
numbers, the dominant salmonid spawning in
Carnation Creek (Fig. 2). However, this species has
shown the most drastic decline in abundance after
forest harvesting. Before forest harvesting
(1970–1975; Fig. 2), adult chum returns reached
4168 in one year, averaged 2188 (95% confidence
interval: ± 1272), and never fell below 1000.
(Variation associated with mean values are ± 95%
confidence limits in this report unless otherwise
noted.) During 6 years of logging from 1976 to
1981, chum returns were not significantly different
from the pre-logging mean: annual returns were
2042 ± 1102 (Fig. 2). Spawner abundance varied
between a maximum of 3300 and a minimum of
450 during that period. Over the first 4 years of the
post-logging period, average numbers returning
exceeded 1600; however, sharp declines have been
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observed in most years since 1986. Only 847 ± 497
chum have returned to spawn in Carnation Creek in
the post-logging period between 1982 and 1993
(Fig. 2). Chum returns have thus averaged only
about 39% of their pre-logging levels (Student’s t,
p<0.05), and were less than one-sixth of the prelogging average in 5 of 12 post-logging years.
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Overwinter survival of juvenile salmonids is
determined from the difference between population
abundances estimated in late summer (or early
autumn) and the numbers of smolts migrating
seaward from Carnation Creek in spring (plus any
residual parr remaining in the stream in spring).
Seasonal changes in distribution and habitat use
between summer (rearing) and winter (shelter) are
determined each year by a population survey in the
main channel in winter, and by monitoring the
movements of coho salmon and cutthroat trout
between Carnation Creek and its valley-bottom
tributaries through daily counts of fish at tributary
weirs. Abundances of fish in specific off-channel
sites are determined at intervals during winter by
using large numbers of Gee traps baited with fish
roe. Seasonal use of these off-channel sites by fish
and changes in habitat characteristics are determined annually.

Year

  Numbers of adult chum salmon returning
annually to Carnation Creek between 1970
and 1993.

Fisheries are thought to have had little effect on
the numbers of chum salmon returning to
Carnation Creek. Commercial harvesting for chum
in Barkley Sound has been restricted since 1962
(Lightly et al. 1985). The fishing rate (proportion)
has been <0.01 in 15 of 24 years examined, and
usually <0.15 in most years since 1951 (Lightly et al.
1985). In 1971, 1973, 1978, and 1980, fishing took an
estimated 20–43% of Barkley Sound chum, but the
extensive fishery in those years reflected exceptional
adult returns to the area and Carnation Creek
(Andersen 1983; Lightly et al. 1985). The commercial gillnet and seine fisheries were concentrated in
terminal areas far from Carnation Creek on the
north side of Barkley Sound (Lightly et al. 1985),
and suggest that few chum from Carnation Creek
were caught.
Local aboriginal peoples have annually conducted
a small food fishery for chum; however, this fishery
often consisted of only one net-set during the peak
of the adult run returning to the nearby Sarita River
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(1.8 km away). Holtby and Scrivener (1989) noted
that up to 300 fish are taken annually, and some are
probably Carnation Creek chum. These investigators
believed that the long-term decline in chum returns
to Carnation Creek coinciding with the post-logging
period are not likely due to fishing mortality.
Two patterns in coho spawner abundance have
been observed, and each is associated with one of two
types of coho returning annually to Carnation Creek.
In most years, the majority of coho spawners are
adults 3 or 4 years old that have spent about
18 months, including two summers, in the ocean
(Hartman and Scrivener 1990). These fish are called
“large adult coho” because most individuals are
>44 cm long. Other coho, usually ≤44 cm long, return
to spawn after spending only about 5–6 months in the
ocean (Hartman and Scrivener 1990). These small fish
are usually 2-year-old precocious males called jacks.
Returns of large adult coho have declined significantly after logging in Carnation Creek (Student’s
t, p<0.05; Fig. 3); however, the decline has been less
marked than that shown by chum. Before forest
harvesting (1971–1975), 165 ± 17 large adult coho
returned each year (Fig. 3). These returns decreased
by about 31% to only 116 ± 34 in the post-logging
period. In contrast with large adults, the numbers of
jacks returning show no statistically significant trend
among pre-logging, during-logging, and postlogging periods (Student’s t, all p>0.05; Fig. 4).
Therefore, when large adults and jacks are
combined, the significant decline in the total coho
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  Numbers of coho jacks (small, precocious
males) returning to spawn in Carnation Creek
between 1971 and 1993.

return to Carnation Creek between pre-logging
(227 ± 26) and post-logging (181 ± 50) periods is
due to the decline in numbers of large adult coho
alone (Student’s t, p<0.05; Fig. 5).
The interannual variation in the abundance of
both jacks and large adults has increased sharply
since 1976, when forest harvesting activities were
initiated (Figs. 3–4). The causes of the high
interannual variability in jack returns are as yet
unclear. However, the numbers of jacks actually
exceeded the numbers of large adult coho in 1978,
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1988, and 1989 when they made up respectively
69.6, 63.2, and 50.5% of the total numbers of coho
returning to spawn. On several occasions, strong
returns of jacks in a given year have been followed
by strong returns of large adults in the next year
(Figs. 3–4); however, this pattern was not consistent
for all years.
The abundance of large adult coho was nearly
invariant among years before logging (Fig. 3).
However, the increase in variation in the duringlogging and post-logging periods included especially
low returns observed in 4 of 5 years spanning 1984
and 1988 when large coho averaged only 60 at
Carnation Creek (Fig. 3). These depressed numbers
occurred at roughly the same time during the mid1980s when chum salmon returns also began to
decline sharply in some years although there were
species-specific differences in annual patterns
(Figs. 2–3). In contrast with chum, coho spawner
abundance increased dramatically between 1989 and
1991, during which time adult numbers returning
exceeded the pre-logging average in each year
(Fig. 3). However, these elevated returns reversed in
the following 2 years when Pacific salmon stocks,
including Carnation Creek coho and chum, were
subjected to the simultaneous effects of forest
harvesting, fishing, climatic warming, and poor
conditions for marine survival caused by the northward extension of warm, nutrient-poor waters from
southern latitudes (Konno 1992, 1993; Ware and
Hargreaves 1993).
The warm-water phenomenon, termed the “El
Niño,” was characterized not only by low ocean
productivity, but also with elevated predator abundance (Karinen et al. 1985; Ware and Hargreaves
1993). A similar combination of conditions coincided in 1983 (Karinen et al. 1985; Holtby and
Scrivener 1989) and contributed to the declines in
adult coho and chum observed during the mid1980s (Holtby and Scrivener 1989); however, the El
Niño phenomenon at that time persisted for only
about a year. El Niño-like conditions in the 1990s
were first detected in 1992 and persisted beyond
1993 (Konno 1993; Ware and Hargreaves 1993).
Because these conditions occurred throughout most
of coastal British Columbia, low spawner returns
were not unique to coho returning to Carnation
Creek. Similar observations were made for coho and
other salmon species returning to streams throughout the west coast of Vancouver Island and

elsewhere in south coastal British Columbia (Heizer
1991; Nelson 1993).
In contrast with chum, coho originating from
Carnation Creek and several hundred other streams
from western Vancouver Island, the Strait of
Georgia, Fraser River, and the U.S. are subject to
significant commercial (mainly troll) and recreational fisheries each year off the west coast of
Vancouver Island. There is no direct measure of the
number of Carnation Creek coho caught in various
fisheries because smolts leaving Carnation Creek are
not usually marked with coded-wire tags to study
their patterns of ocean distribution and fishing
mortality. The coho stock from the nearby
Robertson Creek hatchery (Fig. 1) is the only one
from the west coast of Vancouver Island that is
tagged annually and has the data required to
calculate harvest rates (Holtby and Scrivener 1989).
Fisheries scientists and managers have used
Robertson Creek coho data to estimate fishing and
natural mortalities for west coast Vancouver Island
stocks including coho from Carnation Creek
(Holtby and Scrivener 1989). Despite some untested
assumptions (e.g., that hatchery and wild-stock
smolts behave similarly in the ocean), the application of Robertson Creek information to Carnation
Creek coho has been justified because: (1) the limited
studies of coded-wire-tagged coho from Carnation
Creek and other streams have shown that catch
distributions are similar among west coast
Vancouver Island stocks; therefore, coho from
Carnation and Robertson creeks should be exposed
to the same fisheries for similar periods of time;
(2) temporal patterns of smolt-to-adult survival are
significantly correlated between coho from
Carnation and Robertson creeks; and (3) annual
trends in adult escapements are generally similar
between Carnation Creek coho and other western
Vancouver Island stocks (Holtby and Scrivener
1989). From these statistical relationships, fishing
mortality for Carnation Creek coho has been estimated to have ranged annually between 65 and 70%
and averaged 67% throughout the period of the
Carnation Creek study (Holtby and Scrivener 1989).
Holtby and Scrivener (1989) concluded that this
fishing pressure has had little effect upon annual
variations in adult coho returns to Carnation Creek.
These investigators used a series of sequentially
linked regression models to determine the relative
effects of climate shifts, forest harvesting, and fishing
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on the returns of adult chum and coho to Carnation
Creek. The models predicted adult escapements
based on correlations between fish population
responses (e.g., survival and growth) at different life
stages and (a) climatic, hydrologic, and physical
variables, (b) indices of freshwater habitats affected
by logging, (c) fishery exploitation rates varying
from 0 to 0.50 for chum and 0.59 to 0.80 for coho.
Simulations based on data available up to the late
1980s for Carnation Creek indicated that most of
the variation in observed and predicted adult
spawner returns for both species resulted from
climate variations (warming) in both freshwater and
marine environments (in roughly equal measure).
Juvenile life stages appear to be the most affected by
increased temperatures (see following discussion on
juvenile salmonids).
Shifts in climate were determined from long-term
trends in air and water temperatures from
monitoring stations at Carnation Creek and other
west coast Vancouver Island sites (to include data on
ocean surface salinites and temperatures, and
information prior to the start of the Carnation
Creek study; Holtby 1988; Holtby and Scrivener
1989). Holtby (1988) used multiple regression
analyses to partition the increases in stream
temperatures observed after 1976 between the effects
of forest cover removal and climate change. He
determined that logging-associated increases in
water temperatures varied from 0.7°C in December
to ~3.3°C in August.
Fishing mortality generated little change in the
interannual patterns in adult returns associated with
climate variations. However, exploitation at the
highest rates resulted in 2- to 3-fold increases in
interannual variation in adult numbers relative to
moderate levels of exploitation (Holtby and Scrivener
1989). The model predicted the collapse of salmon
stocks when the effects of habitat disturbance (forest
harvesting), adverse oceanic conditions, and high
fishing rates coincided. This prediction appears
consistent with the reduced coho returns to
Carnation Creek and other Vancouver Island
streams observed in 1992 and 1993.
Clearly, the cumulative effects of forest harvesting, climate shifts, fishing, low ocean productivity,
and elevated marine predation may reduce small
populations of coho (such as the one in Carnation
Creek) to levels that approach year-class extinction.
To conserve salmon stocks that are simultaneously
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affected by these three factors, the only short-term
option available to fisheries managers is to reduce
fishing pressure to allow more adults to return to
their spawning grounds.
The analyses by Holtby and Scrivener (1989) and
Scrivener (1991) indicated that forest harvesting
alone reduced the numbers of chum adults returning to Carnation Creek after logging by 26% on
average. However, <10% of the decline in adult coho
returns by the late 1980s was predicted from forest
harvest effects (Holtby and Scrivener 1989). The
authors noted that their results were counter-intuitive, given that the relatively long time spent by coho
in fresh water suggests that this species would be
more strongly affected by forest harvesting than
would chum. Conversely, chum spend more of their
life cycle in marine environments and thus might be
expected to be more strongly affected by marine
climate shifts than by freshwater habitat changes.
These trends might become more clear with
continued observations of life-stage-specific
abundance and survival from Carnation Creek.
Regardless of any refinements that would occur,
researchers and natural resource managers must
clearly be aware of biological and physical processes
occurring within both watersheds and marine
environments before interpreting observed patterns
in salmonid production.
Effects on Juvenile Salmonids
Chum Salmon Forest harvesting is clearly one of
several causes of the observed declines in chum
salmon abundance at Carnation Creek and elsewhere along the south coast of British Columbia
(Holtby and Scrivener 1989; Scrivener 1991). Twothirds of the post-logging decline of Carnation
Creek chum that was attributed to forest harvesting
by Holtby and Scrivener (1989) is explained by
reductions in egg survival due to sedimentation of
spawning and egg incubation gravels (Scrivener
1991). Observed egg-to-fry survival for chum has
declined by roughly one-half from a mean of 20.3%
in pre-logging years to 10.9% after logging
(Hartman and Scrivener 1990).
Most chum at Carnation Creek spawn in the
lowermost portion of the system located downstream of the main fish weir. Between 68 and >99%
of all chum spawn in this area, all of which is under
tidal influence and most of which is regularly

inundated with saline water (Tschaplinski 1982b,
1988). The remaining spawners migrate usually only
short distances (e.g., 100 m) upstream of the weir.
Frozen-core gravel samples have shown that all of
this area used by chum has been subject to increases
in fine sediment deposition after forest harvesting
(Scrivener and Brownlee 1982, 1989; Scrivener
1988a, b, c, 1991; Hartman and Scrivener 1990).
Much of the sediment added to the stream came
from eroding banks in areas upstream where both
careful and intensive streamside forest harvest treatments were applied (Hartman et al. 1987; Hartman
and Scrivener 1990). Post-logging accelerations of
bank erosion occurred in these clearcut areas in
association with increased frequencies and magnitudes of seasonal freshets observed from 1978 to the
mid-1980s (Hartman et al. 1987; Scrivener 1988b, c;
Scrivener and Brownlee 1989). Freshets transported
the eroded materials downstream into the leave-strip
treatment area, including the sites used by chum
salmon (Hartman and Scrivener 1990, Scrivener
1988b). Analyses of frozen-core gravel samples
showed that most of the material that reached the
chum spawning sites and accumulated in the
streambed consisted of sand and pea gravel
(i.e., fines) that increased at depths where chum eggs
would occur (in the middle and deep layers of the
cores representing streambed depths of 12–35 cm;
Scrivener 1988b). Seasonal freshets cleared this
material from the streambed in both the clearcut
areas upstream throughout the history of the study
and from the leave-strip sites downstream before
logging (Scrivener and Brownlee 1989). However,
after logging, the persistent source of sand and pea
gravel upstream caused the rate and depth of their
accumulation to increase in the chum salmon
spawning sites to the point where seasonal floods
were no longer able to clean the streambed of these
materials (Scrivener and Brownlee 1989). Sixty
percent of the variation in chum egg survival
between pre-logging and post-logging periods were
explained by volumes of sand and pea gravel that
had increased by 5.7 and 4.6% respectively.
Egg survival is well known to decrease with
increasing amounts of fine sediments in streambeds
(Everest et al. 1987), and as the result of streambed
scour during freshets (McNeil 1966). Accumulations
of fines cause egg mortality by reducing intragravel
water flow and dissolved oxygen concentrations
around developing embryos (Everest et al. 1987).

Additionally, fine sediments can bury alevins and
prevent fry emergence (Dill and Northcote 1970;
Koski 1975; Sowden and Power 1985; Scrivener
1988c). The number of chum fry produced by each
spawner in Carnation Creek has been reduced by
about one-half after logging, principally by these
mechanisms.
Coincident with the decline in adult chum returns
to Carnation Creek, fewer chum have spawned
upstream of the main fish weir after forest harvesting.
Before logging, up to 32% of chum adults spawned
upstream of the fish weir beyond any tidal (or saline
water) influence (Andersen 1983; Andersen and
Scrivener 1992). Most chum now spawn downstream
of the weir in areas that include some deep pools
where brackish water ≥12% remains in the streambed
after high tides (Scrivener 1988a; Groot 1989). Groot
(1989) demonstrated that chum eggs thrived at a
salinity of 6%, but 100% mortality occurred when
eggs were exposed to salinities >12%. Proportionally
more of the total number of chum eggs deposited
annually in Carnation Creek are now in these areas
influenced by moderately high estuarine salinities
where increased risk of egg mortality occurs. For
example, between 1990 and 1992, fewer than three
female chum spawned upstream of the weir (no
females spawned above tidal influence in 1990). Only
eight females migrated upstream of the weir in 1993.
This shift in spawner distribution might also have
contributed to post-logging declines in chum fry
production from the stream.
Alterations in stream habitat have had relatively
little direct effect on chum fry after they emerge from
the streambed in spring because they spend little time
rearing in fresh water. They emigrate seaward shortly
after they emerge (Andersen 1983; Andersen and
Scrivener 1992). However, logging-associated
increases in the sand content of the streambed and
seasonal water temperatures have had effects on
chum eggs, alevins, and fry in fresh water that are
linked to post-logging reductions in the survival of
juvenile chum in marine environments.
First, the size (length) of chum fry has decreased
after logging in association with reductions in the
mean particle size of the spawning gravel (Scrivener
1988b, c; Scrivener and Brownlee 1989). Fine
particles in the streambed are known to reduce
interstitial spacing and thus to selectively trap larger
fry within redds (Dill and Northcote 1970; Koski
1975; Sowden and Power 1985). Second, beginning
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Anadromous Rainbow (Steelhead) and Cutthroat
Trout Anadromous trout populations in Carnation
Creek have always formed a relatively minor part of
its fish fauna. Twelve or fewer adult rainbow and 9
or fewer adult cutthroat are known to have returned
to spawn in any year since the project was initiated
(Andersen and Narver 1975; Hartman and Scrivener
1990). Because of these low numbers, interpretation
of population trends relative to the effects of forest
harvesting is difficult. Additionally, direct estimates
of adult trout abundance are not available after 1990
because from that year onward, adult counts were
discontinued for the winter months (after December
18) when some adult trout return. Before 1991, the
accuracy of adult trout counts was often reduced as
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a result of floods that allowed spawners to migrate
upstream over the fish weir without being counted
(Hartman and Scrivener 1990). Despite these
problems, the long-term trends in the abundance of
trout smolts at Carnation Creek are included in this
review to demonstrate that both species continue to
inhabit the lower 3 km of the stream regardless of
the sensitivity that these small populations might
have to habitat alterations (Fig. 6).
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almost immediately after logging, seasonal increases
in stream temperatures occurred, which were
approximately proportional to the area of basin
harvested (Holtby 1988). Increases occurring during
winter were relatively subtle (i.e., 0.7°C mean weekly
increase in December, and 1–2°C between February
and April). However, these increments allowed
incubating eggs to develop more rapidly during
autumn and winter and, consequently, fry to emerge
and emigrate seaward earlier in spring (Holtby 1988;
Hartman and Scrivener 1990).
Both reduced fry size and earlier seaward emigration were correlated with reduced ocean survival
(Hartman et al. 1987; Scrivener 1988c; Holtby and
Scrivener 1989). Increased mortality of chum fry
early in their ocean life history was attributed to
increased susceptibility to predation (small size),
and early-season entry into near-shore waters during
winter-like conditions of relatively low salinity and
biological productivity (Scrivener 1988c; Holtby and
Scrivener 1989). This explanation was supported by
the observation that marine survival of chum was
correlated positively with sea-surface salinities for
April (and for the entire “spring” period between
March and June; Scrivener 1988c). Survival was very
low in years when El Niño conditions prevailed
(Fulton and LeBrasseur 1985; Hartman and
Scrivener 1990). In El Niño years, chum fry entered
the ocean in conditions that combined high predator abundances with low sea-surface salinity,
warm water, and correspondingly reduced plankton
productivity that resulted from the suppression of
coastal water upwelling (Fulton and LeBrasseur
1985; see following discussion for coho salmon).

Year

  Numbers of rainbow (steelhead) trout (S) and
cutthroat trout (C) smolts migrating seaward
from Carnation Creek each spring between
1971 and 1993. The large number of rainbow
smolts in 1993 may have been the result of
good survival in a mild winter without strong
freshets.

Very few cutthroat trout smolts have been produced annually from Carnation Creek. In no year
have the numbers exceeded 174, and fewer than 95
smolts have been enumerated at the main weir in
spring in most years (Fig. 6). No statistically significant changes in the numbers of cutthroat trout
smolts produced from Carnation Creek are apparent
after logging. The pre-logging mean of 42 (± 41)
smolts is nearly identical to the post-logging mean
of 38 ± 11 (Student’s t, p>0.05; Fig. 6). The trend to
higher average numbers in the during-logging
period is not significant, given the high variability
among years (p>0.05).
The abundance of rainbow trout smolts has
declined on average at Carnation Creek from 246

Coho Salmon The decline in the numbers of adult
coho returning to Carnation Creek after forest
harvesting might be explained at least partly if the

capacity of the stream to support populations of
juvenile coho has decreased. Consistent with this
notion, significant post-logging declines in the
abundance of juvenile coho rearing in the stream
during summer have been observed (Fig. 7; p<0.05).
Before forest harvesting, the freshwater habitats in
Carnation Creek supported 11 944 ± 2117 coho
juveniles in late summer (late September–early
October, fry and yearlings combined; Fig. 7).
Between 1976 and 1981, when most of the valley
bottom of the main basin was harvested, latesummer coho populations increased to 13 656 ±
5661, but this increase was not statistically
significant (Fig. 7; Student’s t, p>0.05). However, the
total numbers of coho fry and yearlings rearing in
Carnation Creek since 1982 have fallen on average to
about 57% of pre-logging levels (Student’s t,
p<0.05). Between 1982 and 1993, only 6826 ± 1586
juvenile coho inhabited Carnation Creek (Fig. 7).
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before logging to only 81 between 1982 and 1993
(Fig. 6). Trout smolt numbers have thus fallen to
about 33% of their pre-logging levels. However, variability among years has been so high that these
trends are not statistically significant (Student’s t,
p>0.05). Sharp reductions in some years are nevertheless apparent after 1978 when freshet-associated
changes in the stream channel and consequent loss
of rearing habitats were first observed in clearcutlogged areas of the stream (Hartman et al. 1987;
Hartman and Scrivener 1990).
Rainbow trout may be more susceptible to mainchannel habitat loss than either juvenile coho salmon or cutthroat trout, especially in winter when
freshets are common. Rainbow in Carnation Creek
are restricted to main-channel habitats, in contrast
with coho and cutthroat which also occupy tributaries, especially in winter (Tschaplinski and Hartman
1983; Brown 1987) During winter, many young coho
and cutthroat seek shelter from scouring freshets by
inhabiting “off-channel” sites, including tributaries
(Tschaplinski and Hartman 1983; Brown 1987). On
the other hand, rainbow trout must find shelter in
main-channel pools and undercut banks associated
with logs and tree roots (Bustard and Narver 1975).
In some years after logging (e.g., 1984), low
abundance of rainbow smolts in spring occurred
after winters with frequent severe freshets (Fig. 6).
With the loss of main-channel shelter habitats in
clearcut sections of Carnation Creek (Hartman et al.
1987; Hartman and Scrivener 1990), the salmonid
mortality associated with freshets was likely more
pronounced in post-logging years. By comparison,
winters without strong freshets were sometimes
associated with high numbers of rainbow smolts in
the following spring, even after logging. For example, the abundance of rainbow trout smolts in the
spring of 1993 is the third highest on record (Fig. 6)
and occurred after a relatively mild winter without
strong freshets (unpublished project data). Despite
these observations, patterns for rainbow trout are
not consistent among years, and are obscured by the
generally low abundance of this species in Carnation
Creek. The effects of forest harvesting treatments on
freshwater rearing habitats and fish populations are
clearer for the relatively abundant coho salmon.

Year

  Abundance of juvenile coho rearing in
Carnation Creek in late summer (Sep–Oct).
These populations, consisting mainly of fry plus
some yearlings, have declined by about 43%
between pre-logging and post-logging periods
(Student’s t, p<0.05). No data were available
for 1990.

The post-logging reduction in juvenile coho
abundance is due partly to marine survival
variations that have reduced the numbers of adults
returning to spawn in the post-logging period
(Scrivener and Andersen 1984; Holtby and Scrivener
1989; Hartman and Scrivener 1990). The abundance
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of adult females has declined on average by about
33% in the post-logging period, compared with
numbers in pre-logging years (Student’s t, p<0.05).
In pre-logging, during-logging, and post-logging
periods, the mean numbers of coho females returning to spawn were 73 ± 6, 74 ± 53, and 49 ± 16,
respectively. This post-logging decline has resulted
in fewer eggs deposited into the streambed. Consequently, fewer fry have inhabited the system during
summer since 1982. However, the post-logging
reduction in the abundance of juvenile coho in
Carnation Creek was also due to logging-caused
reductions in egg-to-fry survival and the quantity
and quality of summer habitats.
After forest harvesting, coho egg-to-fry survival
declined by about one-half in Carnation Creek from
28.8 to 15.6% (Hartman and Scrivener 1990). This
trend was similar to that shown by chum salmon,
and again was in part associated with increased
amounts of sand and pea gravel in the streambed of
the leave-strip area downstream of the clearcut
portions of the creek (r = 0.81, p<0.001; Scrivener
and Brownlee 1989). However, reductions in coho
egg-to-fry survival were primarily associated with
increased rates of streambank and channel erosion
after logging in both the intensively harvested and
carefully harvested clearcut treatments (Toews and
Moore 1982; Scrivener and Brownlee 1989). The
proximal cause of increased mortality in coho
embryos was increased streambed scour and
deposition during freshets after logging (Holtby and
Scrivener 1989).
Lower coho fry production at Carnation Creek
after logging is thus the combined result of these
processes in fresh water and reduced marine survival
that resulted in fewer spawners returning to the
creek. As well, the capacity of the stream to support
those fry that survived to emerge from the streambed in spring also declined after logging. Most of
this decline can be attributed to stream morphology
changes that have occurred both in the intensively
harvested and carefully harvested clearcut areas.
Before 1982, Carnation Creek was able to support as
many as 23 095 juvenile coho at the end of summer
(including 20 953 fry; Fig. 7). This peak in juvenile
abundance observed in 1980 exceeded mean population sizes in the pre-logging and during-logging
periods by >1.9 and 1.7 fold, respectively, and was
produced from the 23-year peak spawner return in
the autumn of 1979 (312 large adults, including
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176 females). The greatly elevated number of
juveniles in Carnation Creek in 1980 suggests that
habitat quantity in the stream did not limit their
abundance in most years prior to the post-logging
period. A >1.9-fold increase in spawner abundance
relative to pre-logging levels resulted in nearly
doubling the population rearing in the system.
Despite the elevated abundance of fry in 1980,
strong density-dependent reductions in summer
growth rates and mean size of fry were observed in
that year, and indicate the upper limits of fry capacity for Carnation Creek had been reached (Holtby
1988; Tschaplinski 1987). The numbers of coho fry
observed in the system before logging (~12 000
annually) may thus be a better indicator of the
average rearing capacity of the stream.
In years other than 1980, whenever relatively high
numbers of adults returned after logging, no corresponding increase in the abundance of juveniles
rearing in the stream occurred in the following summer. For example, 189 large adult coho returned to
Carnation Creek in 1990 and 210 in 1991 (Fig. 3).
These numbers exceeded the pre-logging mean
spawning escapements by 14.5 and 27.3% respectively. Additionally, the number of females returning in
1990 exceeded the pre-logging mean by nearly 33%
(p<0.05), while the number of females returning in
1991 (76) was essentially the same as the pre-logging
mean (p>0.05). Despite these relatively high spawner
returns, the numbers of juveniles surviving in the
stream by late summer throughout the late 1980s and
early 1990s remained low and relatively invariant
(Fig. 7). These pattern indicates that the quantity and
quality of summer rearing habitats in Carnation
Creek were reduced after logging and limited the
numbers of juveniles the stream could support.
Of the 3070 m of Carnation Creek used by young
coho upstream of the estuary, long-term postlogging reductions in the quantity and quality of
available habitat have been observed primarily in the
1800-m portion subjected to clearcut harvesting
(Hartman and Scrivener 1990). Habitat complexity
in both the careful and intensive clearcut treatments
decreased after logging as a result of reductions in
the amount, size, and stability of LWD within the
stream channel (Toews and Moore 1982; Hartman
and Scrivener 1990). Stable pieces of LWD within
the stream channel dissipate hydraulic energy and,
in the fish-bearing reaches of Carnation Creek, are
largely responsible for channel structure including

the diverse sequence of riffles, pools, glides, meanders, and undercut banks which are important
habitat features for stream salmonids. The decrease
in stable LWD altered fluvial geomorphic processes
by increasing stream velocities, bank erosion, and
channel scour and deposition (Toews and Moore
1982). As a result, the channel became wider by at
least 2-fold and straighter (and thus shorter) when
meanders were cut. The proportion of the stream
consisting of shallow, fast-flowing riffles increased
(Hartman et al. 1987). Favoured coho rearing habitat, consisting of deep pools with cover in the form
of LWD, undercut banks, and overhanging vegetation (Tschaplinski 1987), became less abundant
(Hartman et al. 1987). Those pools that remained
became shallower through bedload deposition
(Hartman et al. 1987). Long stretches of channel
were filled with large deposits of gravel upstream of
new log jams, thus creating ephemeral reaches and
reducing stream wetted area and salmonid rearing
habitat (Hartman et al. 1987).
Streamside clearcutting was partly responsible for
some of these changes (see Hartman and Scrivener
1990). Logging activity around the streambanks
resulted in killed or weakened tree roots in both the
careful and intensive treatment areas. Large amounts
of small woody debris (pieces <3 m long) were
added to the channel, especially in the intensive
treatment site, which destabilized LWD within the
stream. Additionally, LWD in the intensive-treatment area was directly disturbed by machinery
which broke or removed the pieces (Hartman and
Scrivener 1990). The additions of woody debris
initially increased habitat diversity and resulted in
increases in fish density in the clearcut reaches of
Carnation Creek early in the during-logging period
(Hartman and Scrivener 1990). However, this habitat enhancement was short lived. Major freshets after
logging soon removed much of this material. Coho
densities adjacent to clearcut streamsides soon
declined during both summer and winter relative to
those observed in the leave-strip area downstream
(Scrivener and Andersen 1984).
Although the Carnation Creek study intended to
investigate the effects of different streamside
harvesting treatments on stream channels and fish,
the most pronounced changes to the stream channel
have been associated with increased frequencies of
landslides and debris torrents that occurred after
logging. Over 80 small landslides and 3 major debris

torrents have been documented after logging in
Carnation Creek (S. Chatwin, B.C. Ministry of
Forests, per. comm.). All occurred in the logged
portions of the watershed, and most have contributed sediment and debris into the creek channel.
No debris torrents occurred in the watershed in
the pre-logging or during-logging periods. However,
the three major torrents observed to date occurred
early in the post-logging period in 1984. They initiated within the clearcut portions of three valley-wall
tributaries (gullies) situated >1.5 km upstream of
the portion of Carnation Creek containing anadromous fish (Hartman and Scrivener 1990; Hogan,
this volume; Hogan and Millard, this volume). These
rainstorm-triggered torrents deposited large
volumes of logging-associated woody debris and
inorganic sediments into the stream channel, where
the materials were carried downstream into the
carefully clearcut site inhabited by anadromous fish.
Since 1984, the large log jams and associated sediments deposited by the torrents have moved progressively downstream into the intensively clearcut
treatment and continue to cause major channel
changes and fish habitat loss 10 years after their
initiation. The post-logging widening of the
channel, accelerated scour and deposition, and other
changes have been largely due to the stream moving
around these logjams and sediment deposits, and
redistributing materials downstream (Hogan, this
volume; Hogan and Bird, this volume).
So far, most of the woody debris and large
sediments associated with post-logging landslides
and debris torrents have not reached the leave-strip
area of Carnation Creek. Stream structure and fish
habitat characteristics remain much the same as
observed in pre-logging years, with the exception of
the fine sediment accumulations that have occurred
in the streambed (Scrivener 1988c; Hogan and Bird,
this volume). The majority of coho fry produced
from Carnation Creek originate or rear in this
lowermost portion of the stream. As excess sediment
and debris move downstream into this area from the
intensive and careful clearcut treatments, further
reductions in the rearing capacity for coho will likely
occur in the future. Therefore, the full extent of the
harmful effects of logging on the stream channel
and fish habitats are yet to be observed at Carnation
Creek.
If data on smolt abundance from Carnation Creek
were unavailable, one might reasonably speculate that
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the numbers of coho smolts produced from this
system would have declined after forest harvesting in
parallel with the observed decrease in the numbers of
fry and yearlings rearing in the watershed. However,
the exact opposite has occurred. Both during logging
and after, the numbers of coho smolts migrating seaward in spring have increased sharply (Fig. 8). Before
logging, 2213 ± 424 smolts were counted on average
at the main fish weir. Early in the during-logging
period (1978), these numbers had nearly doubled to
4246 compared with the pre-logging mean (Fig. 8).
Annual smolt production increased on average by
nearly 1.7 fold to 3688 ± 813 in the 6-year, duringlogging period. Numbers have remained high to the
present. A 23-year peak migration of 5253 coho
occurred in 1992. This peak exceeded the pre-logging
mean by nearly 2.4 fold. Mean annual smolt abundance in the post-logging period up to 1993 has been
3327 ± 529 (Fig. 8).
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  Numbers of coho smolts migrating seaward
from Carnation Creek each spring between
1971 and 1993.

Therefore, in the post-logging period, Carnation
Creek fry at about 57% of their pre-logging abundance have produced 50% more smolts compared
with smolt production in pre-logging years. Smolt
biomass has also increased after logging. The average
weight of both 1-year-old and 2-year-old smolts has
increased since 1977; for example, the mean weight
of 1-year-old smolts increased by 1.5 g or one-third
of their mean weight prior to logging (Holtby
1988).The reason for this phenomenon is that coho
fry rearing in the stream in late summer are
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surviving the winter at higher rates after logging as a
result of the temperature-related effects of forest
harvesting and climatic warming on coho
emergence timing and seasonal growth (Holtby
1988; Scrivener 1988c; Hartman et al. 1990).
The multiple regression analyses which Holtby
(1988) used to determine the effects of elevated
water temperature on chum, and partition the
effects due to climate change and forest harvesting,
were also applied to coho. He demonstrated that the
same logging-associated increases in winter water
temperatures that allowed chum eggs to develop
more rapidly, and chum fry to emerge earlier in
spring, have had similar effects upon coho. During
and after logging, coho fry were emerging from the
streambed up to 6 weeks earlier in spring (Holtby
1988). Earlier emergence thus permitted these fish to
experience a period for summer growth that was as
much as 6 weeks longer than available to fry in prelogging years. As well, the lower numbers of fry
rearing in Carnation Creek after logging resulted in
increased growth rates resulting from densitydependent reductions in competition for food
(Scrivener and Andersen 1984; Holtby 1988). After
logging, coho fry consequently grew 11 mm longer
on average by the end of their first summer,
compared with fry in pre-logging years (Hartman
and Scrivener 1990). (For the same reasons, trout fry
increased in mean length by 18 mm after logging in
Carnation Creek [Hartman and Scrivener 1990].)
This larger size was positively associated with
improved overwinter survival in the stream after
logging (r = 0.91, p<0.001; Holtby 1988). Larger
coho are apparently better able to survive winter
conditions that include frequent scouring freshets
(Tschaplinski and Hartman 1983; Brown and
McMahon 1988).
The additional seasonal growth resulting primarily
from post-logging increases in water temperatures
has also radically changed the age structure of coho
smolt populations (Fig. 9). Before forest harvesting,
nearly one-half of all coho rearing in Carnation
Creek required 2 years of growth before they were
large enough to transform into smolts and migrate
seaward (1971–1975; Fig. 9). During and after
logging, increased growth made 2-year-olds relatively
rare (Fig. 9).
Increases in water temperatures were observed
almost immediately after clearcut harvesting
removed significant portions of the streamside forest
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Although larger size has allowed coho fry to survive
the winter better in fresh water after logging, similar
relationships have not been observed for coho
smolts in the ocean (Hartman and Scrivener 1990;
Holtby et al. 1990). The marine survival of coho
smolts appears unrelated to (a) the size of either
1-year-old or 2-year-old smolts, or (b) smolt age
(Fig. 11; paired t-tests, all p>0.05; Holtby et al.
1990). After logging, the mean size of coho smolts
migrating seaward has actually declined because
most smolts are now 1-year-olds which are smaller
on average than 2-year-olds, which have become
rare (Hartman and Scrivener 1990).

Year

  Age composition of coho smolts migrating from
Carnation Creek each spring between 1971
and 1993. Since 1982, >91% of coho smolts
have been 1-year-olds.

canopy (Holtby 1988; Hartman and Scrivener 1990).
Coinciding with this rapid temperature shift was the
dramatic increase, in 1976, in the numbers of coho
fry able to grow to smolt size after rearing for only
1 year in the stream—1976 being the first year of
forest harvesting (Fig. 9). The proportion of the
annual smolt migration made up of 1-year-olds
increased significantly from 55.3 ± 13.8% in the prelogging period to 76.7 ± 11.0% in the during-logging period (Student’s t, p<0.05). This proportion
increased again in the post-logging period (p<0.05).
From 1982–1993, 1-year-olds have formed 91.9 ±
3.1% of all smolts leaving Carnation Creek. Therefore, the temperature-related effects of forest
harvesting on juvenile coho growth and age structure, established soon after streamside harvesting
began, persisted in the watershed nearly 18 years
later. These effects will likely continue for several
years until a new riparian forest canopy is established at Carnation Creek, and pre-logging water temperatures and seasonal patterns of fish growth return.
Although smolt numbers have increased after logging, reductions in their marine survival are implied
from the declining numbers of adults returning to
Carnation Creek since 1982 (Fig. 3). The marine
survival of coho smolts from Carnation Creek has
decreased steadily since the 1970s, and the lowest
survivals have occurred in the most recent years for
which these data have been analyzed (Fig. 10).
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  Survival of coho smolts in the ocean from the
early 1970s to the late 1980s. Data on adult
returns suggest that this significant (p<0.05)
long-term decline in survival continues in recent
years. (Figure adapted from one provided by
L.B. Holtby, Fisheries and Oceans Canada.)

The long-term decline in marine survival of
smolts from Carnation Creek has occurred simultaneously in coho from other streams in southwestern
British Columbia. For example, declines in smolt
survivals have been recorded for hatchery-reared
coho released from Robertson Creek, the
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Big Qualicum and Capilano rivers (Figs. 1–12).
These data indicate that long-term reductions in
marine survival have been characteristic for the
southwestern region of coastal British Columbia,
and are largely associated with shifts in marine
climate, decreased ocean productivity, and increased
predator abundances (Holtby and Scrivener 1989).
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  Marine survival versus size and freshwater
age of coho smolts from Carnation Creek.
(Figure adapted from one provided by
L.B. Holtby, Fisheries and Oceans Canada.)

Despite the regional nature of the these marine
survival patterns, forest harvesting also appears to
have contributed to the declines in marine survival
of coho smolts leaving Carnation Creek. This
linkage is again ultimately associated with the temperature-related effects of forest harvesting. Seasonal
increases in water temperatures after logging have
shifted the timing of the seaward migration of coho
smolts from the stream to about 10 days earlier in
the season compared with pre-logging migrations
(Holtby et al. 1990). This shift appears trivial, but
much information is available that demonstrates
that most of the mortality in salmonids in marine
environments occurs soon after they enter the ocean
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(Healey 1982; Mathews and Buckley 1976; Holtby
and Scrivener 1989; Holtby et al. 1990). Migration
timing and ocean conditions in late winter and
spring appear to be critically important in determining whether chum fry or coho salmon smolts
survive to be adults (Healey 1982; Holtby et al.
1990). For example Thedinga and Koski (1984)
demonstrated that coho smolts leaving a small
Alaskan stream 1–2 weeks earlier or later than the
median day of the migration had only 45–60% of
the survival of smolts that left in the middle part of
the migration period.
Consistent with these observations, Holtby and
Scrivener (1989) found that migration timing in
coho smolts (and chum fry) was a significant
correlate of survival. From analyses of the “earlyocean” growth patterns on the scales of adult coho
returning to Carnation Creek (spacing of the first
five scale circuli), Holtby et al. (1990) determined
that a strong and significant correlation occurred
between marine survival and the growth rates of
smolts soon after they enter the ocean (Fig. 13;
relationship may be linear or stepped). Furthermore,
strong and consistent correlations occurred between
both early ocean growth and survival and sea surface
salinities (Fig. 14). Years with high salinity (and low
temperature) coastal waters were associated with the
best years of coho survival and early ocean growth.
A threshold salinity of 31.5% appeared to separate
years in which growth and survival were poor with
years when both population statistics reached
relatively high values (Holtby et al. 1990).
The ocean conditions that promote the presence
of cool, high salinity water at the time that
Carnation Creek smolts enter coastal waters are
created by the seasonal upwelling of deep water off
the northwest coast of Vancouver Island (Fulton and
LeBrasseur 1985; Holtby et al. 1990). Winter
conditions are characterized by relatively nutrientpoor, warm, and low-salinity water flowing to the
northwest from the Washington coast and out from
the Strait of Juan de Fuca (Fig. 15). This pattern
shifts in the spring and summer to a counter-current
flow which is associated with the upwelling of deep,
cold, and nutrient-rich water that promotes
plankton growth and consequently high rates of
salmonid growth and survival (Fig. 15). The postlogging decline in the ocean survival of coho smolts
from Carnation Creek may thus be explained partly
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  Long-term declines in the ocean-phase survival of coho smolts from Carnation Creek is reflected by trends
observed elsewhere in southwestern British Columbia. Dates are brood years. (Figure adapted from one
provided by L.B. Holtby, Fisheries and Oceans Canada.)
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Marine survival of coho salmon smolts
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  Marine survival is a positive function of coho
smolt growth rates soon after these juveniles
enter the ocean from Carnation Creek
(p<0.05). An index of growth is determined
from the spacing of early ocean-phase circuli
measured from the scales of adults returning
to the stream. Each point represents average
inter-circular distance for smolts leaving the
stream in a given year. The dashed line
represents a possible stepped model. (Figure
adapted from one provided by L.B. Holtby,
Fisheries and Oceans Canada.)
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by the shift to earlier smolt migrations, which has
increased the risk that these smolts enter the ocean
during winter-like conditions less favourable for
growth and survival.
Notwithstanding the effects of forest harvesting,
coho smolt survival in the past several years has
clearly been depressed further by physical-regime
shifts including the El Niño phenomenon. The
northward shift of warm, nutrient-poor water
suppresses seasonal upwelling, depresses ocean
productivity, and is associated with low rates of
survival for juvenile salmonids and other species such
as herring (Clupea harrengus pallasi; Holtby et al.
1990). At the same time, large numbers of predators,
mainly chub mackerel (Scomber japonicus) and
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  Both growth (inter-circular distance from scale
analyses) and marine survival of Carnation
Creek smolts early in their ocean-life phase
are positive functions of sea-surface salinities.
The dashed line represents a possible stepped
model. (Figure adapted from one provided by
L.B. Holtby, Fisheries and Oceans Canada.)
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  Seasonal shifts in the coastal currents off the west coast of Vancouver Island. Deep-water upwelling and high
biological productivity is associated with the counter-current flows which fully develop by summer. (Figure
adapted from one provided by L.B. Holtby, Fisheries and Oceans Canada.)
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Pacific hake (Merluccius productus), move northward
into the coastal waters of British Columbia, and are
believed to consume large numbers of juvenile
salmonids including coho (Fulton and LeBrasseur
1985; Holtby et al. 1990).
Ware and McFarlane (1988) concluded that
changes in the abundance of herring off Barkley
Sound are due primarily to changes in the intensity
of predation. They have noted that the biomass of
piscivorous predators such as Pacific hake have been
sufficiently high to account for all of the annual
mortality within herring stocks in some years.
Holtby et al. (1990) have shown that the survival of
coho smolts and 1- and 2-year-old herring co-vary
(Fig. 16; r = 0.6, p<0.01). They noted that coho
smolts and herring between 1 and 2 years old are
similar in size, have overlapping diets, and occur
together in both Barkley Sound and other rearing
areas in the coastal waters of western Vancouver
Island. Although Pacific hake and chub mackerel
prey primarily on herring (which usually greatly
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  Marine smolt survivals of Carnation Creek coho
salmon co-vary with an index of survival for
1- and 2-year-old herring off the southwest
coast of Vancouver Island from 1971 to 1987
(p<0.01). (Figure adapted from one provided
by L. B. Holtby, Fisheries and Oceans Canada.)
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outnumber coho), even incidental predation on
coho can cause substantial mortality in their
populations, including those from Carnation Creek.
Predation probably increases in El Niño years when
slow growth keeps juvenile coho small and susceptible to predators (Holtby et al. 1990). Holtby et al.
(1990) suggested that most of the reduction in the
ocean survival of coho smolts in recent years has
likely been the result of predation.
The effects of forest harvesting upon coho and
chum at Carnation Creek have been relatively small
so far, (for each species, explaining respectively
~26% and < 10% of the post-logging variability in
the abundance of adult returns) when compared to
the effects of climate change in both freshwater and
ocean environments (Holtby and Scrivener 1989;
Holtby et al. 1990). The abundance of coho smolts
leaving Carnation Creek has increased despite habitat disturbance, not only because of the effects of
temperature on seasonal growth and survival, but
also because important winter habitats consisting of
seven ephemeral tributaries and side channels
located on the valley floor remained largely intact
after logging (Brown 1987; Hartman et al. 1996).
Consequently, the maintenance of good-quality “offchannel” habitats have contributed to high rates of
overwinter survival in juvenile coho after logging.
The effects of forestry practices upon both chum
and coho would likely have been more severe had
the network of forestry roads been more typical of
those in most other coastal watersheds. Most of the
forestry practices conducted at Carnation Creek,
such as clearcut harvesting over progressively larger
areas, were typical of those employed in the 1970s
and 1980s. However, no roads crossed the main
channel of Carnation Creek. Only one short-section
of road entered the floodplain in the lower portion
of the watershed inhabited by anadromous salmonids. The only stream crossed by this road was the
main tributary to Carnation Creek (C Tributary). All
other roads were located on relatively stable hillslopes on both sides of the basin. This road network
remains one of the limitations of the Carnation
Creek study design. Reductions in the quality of
streambed gravels and egg-to-fry survival were
probably minimized in the absence of (1) the shortterm peak of fine sediments from the construction
of valley-bottom roads and stream crossings, and
(2) the chronic introduction of fines into the stream
from road surfaces and stream crossings.

Despite the limitations of this project such as the
absense of an unlogged control watershed, much has
been learned about the biological and physical
processes operating within a small coastal watershed,
and the effects of forestry practices on these processes. We will likely learn more as this project
continues. The abundance of coho smolts leaving
Carnation Creek remains high. However, the mainchannel habitats at Carnation Creek continue to
deteriorate: large portions of the stream will lack
stable LWD for many decades. In several years, the
forest canopy will be re-established over the stream
and begin to reduce water temperatures. Some of
increases in fish growth and survival associated with
elevated stream temperatures after logging will
disappear. With poorer habitat quality and lower
water temperatures, smolt production from
Carnation Creek may then begin to decline.
Summary

Salmon and trout populations of Carnation Creek
have been closely monitored for the past 23 years as
an important component of multi-disciplinary,
multi-agency research on fisheries-forestry interactions. This paper: 1) describes long-term patterns in
salmonid abundance; 2) demonstrates that the production of salmonids from coastal streams depends
on processes both within the watershed and the
marine environment; and 3) emphasizes the value of
long-term studies such as the one at Carnation
Creek to clarify the complex interactions among
land-use practices, fishing, climate change, shifts in
marine conditions, and salmonid populations.
Studies of fish populations at Carnation Creek
through 5 pre-logging, 6 during-logging, and
12 post-logging years have clearly illustrated that
forest harvesting has complex and often variable
effects on population processes at the different life
stages of each species. The abundance of both adult
chum and coho salmon returning to Carnation
Creek has declined significantly after logging.
Forestry practices appear to account for ~26% of the
decline in chum, but <10% of that in coho salmon.
Chum salmon populations have also declined the
most sharply. Adult returns are now only about 39%
of their pre-logging levels. Chum egg survival has
declined by about one-half after forest harvesting,
partly as the result of fine sediment deposition and
other gravel quality changes in the lowest parts of

the stream. The numbers of coho fry rearing in
Carnation Creek are about 57% of their pre-logging
levels. The effects on juvenile coho associated with
forest harvesting include a reduction in egg-to-fry
survival by about one-half, and decreased quantity
and quality of the rearing habitat because of stream
channel changes associated with streambank damage,
loss of LWD, and increased scour and deposition.
Loss of rearing habitat is associated with clearcut
logging along streamsides and over steep-sloped
terrain. Debris torrents and landslides from clearcut
hillsides have introduced large volumes of sediment
and woody debris into the stream channel, and this
continues to cause pronounced changes to fish habitats 18 years after forest harvesting was initiated.
The Carnation Creek study has demonstrated the
importance of managing forestry activities to minimize the risk of landslides and debris torrents. It has
also demonstrated the importance of having forested riparian strips to “buffer” streams from forestry
effects. Although the leave-strip treatment at
Carnation Creek was located downstream of the
clearcut treatments, and thus was partly impacted by
activities upstream, the stream channel and the
quality and amount of salmonid habitat in the
buffer-strip area remain largely the same as in prelogging years. The majority of anadromous salmonids now originating from Carnation Creek rear
within the leave-strip portion (P. Tschaplinski, B.C.
Ministry of Forests, unpublished project data).
Major logging-associated changes will eventually be
transmitted downstream into this area. Therefore,
the full extent of forestry impacts on the stream
channel and fish populations is yet to be observed at
Carnation Creek. The time course of forestry effects
demonstrates the value of long-term studies such as
the Carnation Creek project.
After forest harvesting, slightly more than onehalf the number of coho fry produced 1.5-times
more smolts as a result of increased water
temperatures associated with forest canopy removal
and climate shifts. Increased temperatures allowed
coho fry to emerge earlier in spring, grow larger by
autumn, survive the winter better because of larger
size, and migrate seaward, mainly as 1-year-old
smolts. The post-logging increase in smolt
abundance has not resulted in increased numbers of
adult returns because early marine growth and
survival has declined. Temperature increases in fresh
water has shifted seaward smolt migrations earlier in
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the spring, potentially into ocean conditions
unfavourable for growth and survival. Additionally,
marine climate changes have increased coho
mortality in the ocean through reductions in
biological productivity and simultaneous increases
in predator abundance.
These results show that both freshwater and
marine phases of salmonid life histories must be
considered from the perspective of resource conservation and management. We must also note that our
best forest harvest practices might not ultimately
result in more salmon returning to our coastal
streams in every situation, given climate changes and
marine processes beyond our control. However, the
application of the best practices for watershed
stewardship is essential because the combination of
forest harvesting, fishing, and climate change can
together reduce salmon populations to levels so low
that recovery is not possible. High-quality habitats for
stream fishes after logging remain a high priority.
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Watershed Hydrology: Forest Management Implications
R P. W

Introduction

Over the years, as hydrological information and
knowledge have been developed from the Carnation
Creek Watershed Research Program and the
Fish/Forestry Interaction Program, our ability to
build roads and harvest timber in ways that recognize
these hydrologic processes has been enhanced. Unfortunately, hillslopes and stream channels continue to
react negatively to some forest practices, suggesting
there is still room for improvement.
While changes to operational practices continue to
lag behind research findings, such will always be the
case. This is due to the fundamental reality that any
changes in forest practices which increase costs must
be based on sound information developed from
research. However, the lag between watershed
hydrology research findings and operational changes
is drastically shorter than it was 20 years ago, when
watershed hydrology became a serious topic of
discussion in British Columbia forest practices circles.
It is therefore timely to review the degree by
which watershed hydrology principles are accommodated by present forest practices and possible
opportunities for improvement.
Current State of Hydrologic Forest Practices

The best summary of the degree by which watershed
hydrology principles have been captured by current
forest practices is that which is contained in current
forest practices guidelines. While most people
involved in forest practices are fully aware of the
contents of these various guideline documents, a few
examples are illustrative.
The B.C. Coastal Fisheries-Forestry Guidelines
(CFFG) contain many specific guidelines related to
watershed hydrology. The more focused of these
guidelines are those that relate to road drainage.
Preferred practices with respect to planning,

construction timing and conduct, and ditch, culvert,
bridge and road maintenance are clearly articulated.
Also emphasized is the wisdom of operator training
and the need for maintenance of inactive logging
roads, inclusive of road deactivation.
The “Forest Road and Logging Trail Engineering”
practices of the B.C. Forest Service complement
many of the CFFG guidelines. They detail engineering standards for forest roads, logging trails, and
drainage structures. The standards apply to all
phases of forest access management, including preconstruction, construction, maintenance, and
deactivation. While these standards allow flexibility
of application for site-specific situations, it is likely
that the Forest Practices Code will require the advice
from a registered professional engineer or
geoscientist where a proposed application deviates
from the standard.
Further guidance for the management of road
access to minimize adverse site-specific environmental impacts is also available from regulatory
agency staff and publications such as “A Guide for
Management of Landslide-Prone Terrain in the
Pacific Northwest” (B.C. Ministry of Forests, Land
Management Handbook No. 18).
In addition to the site-specific watershed hydrology guidelines, the CFFG recognizes “cumulative
effects” and “rate of cut” considerations. A Level 1
assessment of Class A watersheds, described in the
CFFG, specifies that if the past harvest area (since
1965) plus proposed harvest area exceeds 20% of the
total watershed, or evidence exists of significant
stream channel instability or landslide frequency,
then a Level 2 analysis is required. The Level 2
analysis is outlined in the recently released “Coastal
Watershed Assessment Procedure” (B.C. Ministry of
Forests) and is intended to provide an
understanding of the type and extent of current
water-related problems in a watershed and the
potential hydrologic implications of proposed
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forestry-related development. If the Level 2 analysis
identifies a high hazard watershed or sub-basin, a
hydrologist carries out a detailed field-based
investigation under a Level 3 analysis.
Potential Future Hydrologic Forest Practices

In British Columbia, it would appear that we have
turned the corner in addressing the major
hydrologic concerns associated with forest
management and have now reached the fine tuning
stage. Much of this fine tuning, because of its sitespecific nature, defies being captured by forest
practices guidelines. There are, however, a few
examples of local operational improvements worth
mentioning, because they provide the potential
opportunity to further minimize watershed
hydrology impacts from forest practices:
1. While the advantages of training have been
recognized as an integral part of new forest
practices guidelines and a great deal of effort has
been expended on it, operator training at the field
level has been wanting. Operators are “doers” and
are more receptive to new information shared at
the field level rather than in the classroom.
Experience has shown that where, at the field
level, the environmental objectives of a project
are clearly understood by the operator, he or she
will usually be able to achieve those objectives
successfully, notwithstanding the constraints
posed by available equipment, safety concerns,
experience, and local conditions.
2. Many hydrologic problems associated with roads
appear to be related to dry or snowpack season
layout and dry season construction. While it is
impossible to lay out all roads during wet, snowfree conditions, a quick check of roads laid out in
snowpack or dry periods when surface water is
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evident would likely yield a better road water
management plan, particularly with respect to
ephemeral creek-crossing culverts and ditch relief
cross-drains.
3. In watersheds where rate of cut is, or is expected
to be, a concern, consideration should be given to
increasing silvicultural investments. Any
silviculture investments that shorten the time
required for a plantation to reach the height and
canopy closure requirements for hydrologic
recovery have the potential to increase the volume
of timber available for harvest in a watershed or
sub-basin.
Some Further Concerns

Unfortunately, no matter how much both current
and future forest management practices improve, a
large backlog of environmentally detrimental,
hydrologic impacts still remains to be addressed.
While we are currently experiencing an aggressive
road deactivation program in British Columbia, a
great many old roads still remain to be addressed. As
well, some early road deactivation is not delivering
the desired reduction in hydrologic impacts and
needs upgrading to present deactivation standards.
Furthermore, additional work must be carried
out on the rehabilitation of landslides and impacted
streams. Although these projects can be very expensive, the hydrological stabilizing gains can be
measurable and thus highly useful.
It is hoped that the recently announced Forest
Renewal initiative by the Province of British
Columbia will provide the opportunity for
rehabilitating the backlog of hydrologic problem
areas, to complement the energy being expended to
avoid adding new areas to this backlog.

Gully Assessment Methods
D.L. H  T.H. M

Introduction

Several papers in this workshop have stressed the
importance of gully systems to hillslope geomorphology (Schwab, Bovis), to forestry practices (Rollerson,
Krag), and to the formation of a critical link between
terrestrial and aquatic ecosystems (Hogan et al.,
Tripp). Accordingly, the correct assessment of gully
characteristics during the development of forest
management plans, both before and after harvesting,
is important. Among the many reasons that gullies
should be properly assessed:
• Gullies are inherently unstable areas of a
hillslope.
• Landslides starting within the gully system
initiate debris flows that are often extremely
destructive.
• Timber harvesting activities can accelerate the
natural rate of landslide activity within gullies.
• Timber harvesting activities can increase the
amount of debris and sediment stored within
the gully.
• Large floods, generated by either high-intensity,
long duration rainstorms or rain-on-snow events,
can move large amounts of debris and organic
materials.
• Due to the overall steepness of gully systems,
debris and sediment moved along gullies are
frequently transported downslope to productive
forest sites on floodplains, fish habitats, domestic
water supply intakes, major installations
(e.g., logging camps, highways, pipelines,
powerlines), and even human townsites.
As a result of these conditions, both worker safety
and fish habitat integrity are commonly at risk.
A gully assessment procedure (GAP) has been
developed and is currently being field-tested. The
procedure has been presented and used in the
British Columbia Coastal Fisheries-Forestry Guidelines training program, in a technical manual for the

British Columbia Watershed Restoration Program
(Hogan et al. 1994), and will eventually be issued as
a British Columbia Forest Practices Code guidebook.
The procedure is summarized here; complete details
are included in Hogan et al. (1994).
Gully Assessment Procedure

Gullies are defined as long, linear depressions incised
or cut into steep hillslopes, with a channel usually
confined in a V-notched ravine with banks higher
than 3 m and sideslopes steeper than 40%. A gully
system is composed of headwalls, transport zones
and, in some cases a depositional fan (Table 1).
The GAP provides a framework for making site
prescriptions, either before harvest or during postharvesting inspections. It directs field staff to the
most critical factors they need to consider when
evaluating gully areas. Important to note, however, is
that the procedure is not geotechnically rigorous; it
cannot replace a thorough review by a geoscientist,
especially in situations where gullies pose a
substantial hazard to downslope resources.
  Gully system components

Headwalls

Includes source areas that commonly have very
steep head- and sidewalls, are susceptible to
extensive erosion and landsliding, and are often the
zone where debris flows start.

Channels

Material transport zones that include steep gully
sidewalls, confined channels with perennial or
intermittent streams, unstable or partly unstable
banks, and temporarily-stored woody debris
and sediment.

Fans

Sediment and debris deposit zones that include
gently sloping fans or cones with single or multiple
channels ranging from deeply incised to
fully unconfined.
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The procedure has three parts (Fig. 1). First, it
presents a series of questions to be answered during
office and field investigations. Next, it requires users
to rank the severity of the potential problem
according to their answers in the first part. Finally, it
describes management objectives and strategies to
meet those objectives in a range of situations. These
three parts are described in more detail below.

Office Assessment

Field Assessment of
Potential Problems:
• Downslope resources
• Debris flow
• Water transport
• Fan instability

Management Strategies

  Gully assessment procedure.

Office Assessments The first step is to identify the
gully system on 1:20 000 forest cover maps and on
the most recent, largest scale aerial photographs.
General characteristics can be determined from the
photographs, including gully system size (drainage
basin area), shape (single or multiple channels),
steepness, confinement, sediment supply (actively
failing side or headwalls), and the gully’s position
relative to other resources. The last point is particularly important. The appropriate fisheries officials
should be contacted to determine the extent of fish
streams connected to the gully. Also, in some cases,
such as logging sites near human settlements, other
officials should be contacted to determine if there
are any domestic water supply licences held for any
of the streams downstream of the gully.
Field Assessments The GAP is primarily a fieldoriented task. Through the field work, the investigator answers a series of questions with the aim of
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estimating the potential or likelihood of gully
problems developing related to flooding, debris flow
generation, fan destabilization, and downstream
resource impacts. Estimation of risk is based on the
seven field considerations considered below.
1. Upslope debris flow potential
The potential for debris flows and/or water floods
(washouts) depends on conditions upslope of the
assessment area. Debris flows are usually triggered
by small landslides descending the steep sidewalls
or headwall of a gully, or by landslides entering
gullies from adjacent slopes. Large amounts of
material are entrained or transported as the
debris flow descends a gully. Because of their
large volume, speed, and depth of flow, they are
the most destructive events occurring in gullies.
The upslope debris flow potential is determined
from identification of specific terrain stability
classes and field evidence of past landslides or
debris flows in the gully system.
2. Water transport potential
Water floods can also transport large amounts of
sediment and organic material down a gully. Both
debris flows and debris floods depend on critical
combinations of environmental factors: steepness
of the gully catchment area sidewalls and the
availability of loose, transportable material.
The calculation of water transport potential is
based on field measurements of gully channel
width, depth and gradient, and estimates of the
catchment area and the size of both sediment and
woody debris moving along the gully.
3. Downstream impact potential
Gully impacts depend to a large extent on the
resource values downslope. Assessments of
downstream impact potential are done by
considering the proximity of the gully to human
dwellings, community water intakes, important
fish species (salmon or game fish), or major
installations (highways, bridges, powerlines, etc.).
4. Debris flow movement potential
Gully channel gradient, sidewall slope, and gully
height all affect debris flow movement potential.
In general, the steeper the sidewall slope, the
more likely a failure is to occur. The higher the
sidewall and the steeper the channel gradient, the
more likely a slope failure on the sidewall will
start a debris flow in and down the gully. A slope
failure on the gully headwall will invariably start a
debris flow in the gully channel.

5. Water movement potential
The movement and storage of both sediment and
woody debris in gullies is controlled in part by
the amount of water flowing down the gully, and
in part by the presence of obstructions to water
flow within the gully, such as large logs. Thus,
steep gullies with high runoff and few in-channel
obstructions have a much higher stream power
than do lower-gradient gullies with lower runoff
and many obstructions. Since runoff is controlled
by climate conditions, only the woody debris
factor can be managed.
In the procedure described here, gully catchment
area, gully gradient, gully channel dimensions
(width and depth), and the size and nature of sediment and debris present within the gully are used
to estimate the water discharge potential of a gully.
6. Debris and sediment supply potential
The questions in this section are meant to give
the investigator a sense of the possible magnitude
of a particular event. Answers provide data so
that management prescriptions can be refined to
reflect the possible magnitude of a given event or
impact. The sidewall angle and height and the
volume of woody debris already in the gully are
used as measures of the potential for introducing
debris and sediment into the gully channel.
7. Fan destabilization potential
A fan is created by the deposition of sediment
and coarse woody debris at the mouth of a gully.
Since fan materials are unconsolidated, they may
be subject to erosion following logging if
adequate precautions are not taken. Of particular
concern are fans that have several channels only
slightly incised into the fan surface. In this case,
debris obstructions may cause flowing water to be
diverted from the regular channel, resulting in
severe erosion and unacceptable downstream
impacts. Where a single, well-incised channel
exists, the problem of channel shifting is much
lower; however, erosion of high streamside
embankments is still a concern.
In assessing fan destabilization potential, the
investigator should consider the number of channels
on the fan surface, their dimensions (channel width,
depth, gradient), the depth of channel incision into
the fan, and other sediment-and debris-loading
characteristics.
The complete field forms are not reproduced
here. They can be found in Hogan et al. (1994).

Problem Potential Assessment The second part of
the GAP involves assessing the gully problem and
ranking its potential severity. A field assessment
form has been created to allow ready evaluation of
the potential for debris movement resulting from
stream flow or debris flow activity, and assessment
of the potential impact of that activity downstream.
To complete the form, the investigator reviews the
appropriate answers for the series of questions and
then determines the potential problem rank (high,
moderate, low or none). These rankings are then
applied to determine possible management strategies.
Management Objectives and Strategies In the third
part of the GAP, management objectives are
identified after the potential problems have been
determined. Table 2 shows six management objectives
ranked from most to least critical. The suggested
management prescriptions to be considered for each
forested gully site are included in Table 3.
Pre-logging Objectives Goal: The goal is to maintain
natural rates of erosion, channel stability, and sediment and debris transport. To maintain the supply
of LWD, either trees should be left or new LWD
placed in the channel. No, or only minimal, disturbance of the gully sides (e.g., exposure of mineral
soil, displacement of stumps) should occur. The
development of innovative prescriptions that
achieve these objectives is encouraged.
Methods: The falling and yarding methods used
should be those that maximize the opportunity to
achieve these six objectives. The GAP does not
specify the falling and yarding methods that will best
achieve these objectives, because that responsibility
lies with the loggers, licensees and agencies involved
in each cutting permit.
Potential problems: If there is a potential for a
debris flow starting upslope or up-channel of the
reach being assessed, this event should be allowed
for in the management objectives. The size of the
debris flow should not be increased (i.e., if the reach
is logged, most small and large logging debris should
be removed from the channel).
Safety considerations: A safety hazard is always
present in gullies due to the potential for sidewall
failures and down-channel debris flows. Landslides
are a hazard even in unlogged gully areas. Falling
and yarding operations should be avoided, as well as
any rehabilitative work during high-intensity or
long-duration rainstorms or rain-on-snow events.
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  Gap assessment procedure management objectives

#
Leave gully in a natural state.

NOLOG

2

Selective logging only. Clear logging debris from the channel following logging.a,b

SELECT

3

Leave unlogged buffer along steep gully sidewalls and headwalls. (Some gullies have a steep,
V-notched form inset within a less steep, V-notched form. The inner part of the gully, at least,
should be left unlogged when a buffer is recommended.) (See Hogan et al. 1994.)a

BUFFER

Log, minimize introduction of debris, and clear all logging debris after harvest. Do not
disturb natural woody debris in channel.a,b,c

LOG/CA

Log, minimize introduction of debris, and clear small woody debris and some LWD
after harvest. Do not disturb natural woody debris in the channel.a,b,c

LOG/CSWD

Log, minimize introduction of debris, and leave debris in the gully.a,b,c

LOG

5
6

b

c

Abbreviation

1

4

a

Objective

Falling of trees (snags, heavy leaners) into or across the gully is permitted when faller safety is at risk. This safety measure includes
trees outside the gully margins.
New, large logs (>0.5 m and at least three channel widths in length) should occasionally be left to provide a future supply of LWD for
the channel. Where possible, anchor these pieces.
Where safety standards permit, saplings should be left along stream channels to help maintain channel stability.

  Suggested pre-logging management strategies for forested gully systemsa,b

Downstream
impacts
potential
High

Debris
flow
potential

NOLOG

Highc

Moderatec

BUFFER,
SELECT,
LOG/CA
LOG/CA
NOLOG,
BUFFER

Moderatec

Moderatec
Low
Highc

Low

a
b

c

Water
transport (flood)
potential

Highc

Low
Highc

Moderate

Possible
management
prescription

Moderate
Low

Possible
management
prescription

Fan
destabilization
potential

Possible
management
prescription

NOLOG,
BUFFER
LOG/CA,
SELECT

Highc

BUFFER

Moderatec

LOG/CA,
SELECT

Low
Highc

LOG/CA
BUFFER

Low
Highc

LOG/CA
SELECT

SELECT,
LOG/CA
LOG/CA
SELECT,
LOG/CA

Moderatec

Moderatec

LOG/CA

Low
Highc

SELECT,
LOG/CA
LOG/CSWD
LOG/CA

Low
High

LOG/CSWD
LOG/CA

LOG/CSWD
LOG

Moderate
Low

LOG/CSWD
LOG

Moderate
Low

LOG/CSWD
LOG

All potential problems must be checked in the field. The most limiting condition determines the management prescription.
In these cases, large non-merchantable logs may be bridged between gully walls, leaving a vertical clearance of at least 1 m above the
gully channel.
A geoscientist should be consulted before logging proceeds in the gully or fan segment assessed, or if windthrow occurs after logging
and salvage is contemplated.
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In general, these areas should also be avoided during
fall and winter storms. Most debris flows can run
faster than any forest worker.
Post-logging Objectives After logging, the gully
system should be assessed to determine whether
management objectives have been met and, if
necessary, to prescribe rehabilitative action. Postlogging management strategies (gully rehabilitation
prescriptions) are based on the same estimates of
gully problems (see “Field Assessments,” above).
These strategies include the following:
1. Gullies with high to low debris flow or water
transport potential and high to moderate
downstream impact potential; and gullies with
high to moderate debris flow or water transport
potential and low downstream impact potential.
a) For gullies with logging debris:
• Large, natural woody debris should never
be removed or cut. There is a risk that
removing natural woody debris will result
in destabilizing the stream channel and
cause significant transport of sediment and
debris downstream during peak flows.
• In areas of new logging, most logging debris
should be removed from the channel and
scattered, large woody debris left (i.e., debris
that is ≥0.5 m diameter and at least three
channel widths in length). Debris should be
removed well beyond peak flow limits. Slash
accumulations should not be burned within
the gully channel in areas where tree roots
or natural woody debris act to stabilize the
channel bed.
• In areas of recent logging (≤5 years), with
only scattered, woody debris in the channel,
the debris should be left as is.
• In areas of recent logging (≤5 years), with
considerable woody debris in the gully
channel (<20% of the channel floor visible),
the logging debris should be cleaned out
and scattered, large woody debris left (i.e.,
debris that is ≥0.5 m diameter and at least
three channel widths in length).
• In areas of moderately old logging (>5 years
and <10 years), most logging debris should
be cleaned out when the channel is
excessively full; otherwise, it should be left
untreated. If there are very high resource
values or safety concerns immediately

downslope, the advice of a geoscientist
should be sought.
• In areas of older logging >10 years old, any
debris should be left as is. If there are very
high resource values or safety concerns
immediately downslope, the advice of a
geoscientist should be sought.
• If there is a significant amount of sediment
stored behind the woody debris in the
channel, the advice of a geoscientist should
be sought. It may be prudent to leave the
channel untouched if a rapid release of
sediment could have significant
downstream consequences. Possible options
include excavation of excessive sediment, or
construction of large sedimentation basins
or debris flow control structures.
b) For gullies that have been scoured by debris
flows or debris floods:
• The areas should be hydroseeded with a
grass/legume mixture combined with
fertilizer.
• Conifers/hardwoods and/or shrubs should
be planted (e.g., Sitka alder).
• Rock check dams, log retaining structures,
or other in-channel structures should not
be built unless a geoscientist advises it. In
general, such structures are not appropriate,
especially where the channel is scoured to
bedrock. Building dams may occasionally be
appropriate in gullies where there are deep,
surficial deposits and where the channel
continues to degrade (erode deeper).
• Any existing debris jams should be left in
place unless a geoscientist advises otherwise.
2. Gullies with low debris flow or water transport
(flood) potential and low downstream impact
potential.
• In general, these gullies should be left as they are.
3. Stream channels on fans, where the channels have
destabilized after logging.
• These channels should be left as they are
unless a geoscientist advises otherwise.
Possible options include:
• cabling log structures to existing stumps or
other stable debris outside the channel;
• planting fast-growing hardwoods along the
channel margin; and
• excavating excessive sediment and debris
accumulations.
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4. Stream channels on fans where there is a moderate to high potential for channel destabilization,
or low potential for channel destabilization but
high to moderate downstream impact potential.
• All logging debris should be removed except
for occasional large pieces that span the
channel and may be anchored in place using
wire cable or other means.
• If there is a significant amount of sediment
stored behind the woody debris in the channel,
the advice of a geoscientist should be sought. It
may be prudent to leave the channel
untouched if a rapid release of sediment could
have significant consequences downstream.
• Planting fast-growing hardwoods should be
considered along the channel margin, if there
is no streamside buffer in place or if the buffer
is very narrow.
5. Stream channels on fans with a low potential for
channel destabilization and low downstream
impact potential.
• These channels should be left as they are.
Summary

A procedure to assess the risk of gully problems
associated with logging and rehabilitation has been
presented. This procedure is currently being tested
in British Columbia. It is intended to be used by
field technicians who require an objective, systematic procedure to aid their evaluations of gullies. It is
not intended to replace a geoscientist’s appraisal.
The gully assessment procedure uses relatively
simple field measurements to estimate the type of
potential problem present in the gully system. Based
on these, and also considering the environmental
and operational objectives, logging and rehabilitation prescriptions are suggested. It is hoped that
the procedure will accomplish several objectives:
• first, that it will provide the necessary
background to field workers who do not have
extensive previous training in hillslope processes;
• second, because there are so many gully systems
present in coastal forest lands, that it will provide
a mechanism by which a large proportion of gully
systems can be screened out quickly and the
relatively few gullies with serious problems
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identified and given a rigorous geotechnical
evaluation; and
• third, that it will lead to improved environmental
conditions, without causing an unnecessary
burden on forest management operations.
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Classification and Assessment of Small Coastal Stream Channels
D.L. H  S.A. B

Introduction

Large woody debris (LWD) is a fundamental
structural element in small coastal streams found
throughout the Pacific Northwest (see, for example,
Keller and Swanson 1979; Marston 1982; Hogan
1987; Robinson and Beschta 1990). The influence of
log jams on channel morphology, riparian areas, and
fish habitat, both in Carnation Creek and in streams
on the Queen Charlotte Islands, is reviewed by
Hogan et al. (this volume). In the early phases of
channel adjustment following jam formation, fish
habitat is degraded as spawning areas (riffles)riffles
are buried (upstream of the jam) or eroded (downstream of the jam), rearing pools are infilled, and
egg incubation environments are smothered with
fine-textured sediments. Over the long term (on the
order of half a century), log jams deteriorate and
create complex, diverse stream channels and riparian
areas that become highly productive fish habitats.
Log jams are spatially prevalent in small coastal
streams. Considering longitudinal surveys that
included almost 44 km of channel in streams
throughout the Queen Charlotte Islands, Hogan
et al. (in prep.) found the median spacing of log
jams to be 2.85 and 2.30 bankfull widths (Wb) in
forested and logged streams, respectively. In
Carnation Creek, individual log jams determine
local channel morphology and control the pattern of
channel evolution, both upstream and downstream
of a jam (see Figure 5, Hogan et al., this volume).
Because of the importance of log jams, it is therefore
important that channel assessments in small coastal
streams, documenting changes in channel morphology and associated impacts on fish habitat, use a
consistent and repeatable classification of log jams
and their related morphological features.
This paper presents just such a classification, one
that is field-based and can be used to assess the

spatial and temporal response of a stream channel to
disturbance. The objective of the classification is to
assess current channel conditions and to consider
the probable long-term temporal response of a
channel following the development of a log jam. The
classification is based on a description of log jams
and their individual characteristics, an inventory of
relevant field indicators of channel disturbance
associated with each jam, and the identification of the
stage of channel recovery following jam formation.
Identifying Log Jams in the Field

A successful classification of log jams requires that
jam occurrence be consistently detected and
differentiated from individual debris pieces, log
steps, and any non-functioning LWD. The
contemporary inspection of a small coastal stream
channel will identify an abundance of LWD. In 18
forested sub-basins on the Queen Charlotte Islands,
Hogan et al. (in prep.) measured average LWD
loadings ranging between 0.025 and 0.238 m3/m2
(channels surveyed ranged from 0.006 to 0.083 in
gradient and 9.4 to 32.3 m in Wb). A re-analysis of
this data shows that, by volume, 66% of all inchannel LWD were found in log jams. The
remaining LWD either occurred as individual LWD
pieces, formed log steps, or was non-functional.
Individual pieces of LWD can have an important
role in forming the morphology and habitat of
gravel and cobble bed streams. Several different
types of pools develop because of flow convergence
associated with LWD (Bisson et al. 1982; Sullivan
1986), while bars form in areas where LWD
increases flow divergence. This influence increases as
the orientation of individual LWD pieces shifts from
parallel to perpendicular relative to the channel
banks (Hogan 1987). A log step (Fig. 1) develops
when an individual LWD piece crosses a channel
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Water surface elevation

Plunge pool

Stored
sediment

LWD

  Sequence of log steps in a forest stream (after Keller and Swanson 1979). Individual LWD pieces create local
variation in both the bed and water surface elevation.

and alters both the water surface and the bed
elevation (Hogan 1987). Individual LWD pieces and
log steps are important to channel morphology,
stream flow, and fish habitat features at a relatively
small scale (e.g., a maximum distance of several
Wb), primarily between log jams.
Non-functioning LWD includes both individual
pieces and accumulations of LWD that have no
influence on sediment transport or channel
morphology. This material is usually suspended
above the channel banks and does not interact with
bankfull stage streamflows. Non-functioning LWD
on the streambed may be transient (i.e., it is
transported downstream on a regular basis, usually
several times a year) or may not have been present
long enough to have been incorporated into the
channel (e.g., LWD recently introduced to the
channel by a landslide, bank erosion, or windthrow
after the last major flood event).
A log jam consists of multiple, interacting LWD
pieces that influence channel morphology by controlling sediment transport either at present or at
some time in the past (see definition in Hogan et al.,
this volume). Recently formed jams are characterized by LWD oriented perpendicular and diagonally
to the channel banks, often anchored by LWD pieces
with large root wads (Fig. 2) or older, previously
established jams. As log jams break down over time,
debris pieces rot, break into smaller sizes, and get
moved downstream by floods. Consequently, log
jams older than 30 to 40 years become difficult to
identify. In many cases, old log jams begin to
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resemble a series of closely spaced log steps amongst
individual LWD pieces. Remnants of old log jams
often consist of weathered or decaying LWD
oriented parallel or diagonally to the channel
margin, with individual pieces incorporated into the
surrounding bank materials (Fig. 2). Stable portions
of the sediment wedge that cannot be excavated and
transported downstream are colonized by vegetation
and become part of the riparian area.
Log Jam Classification

The classification of log jams, modified after Hogan
(1989), describes the current function of a log jam
and how it influences sediment transport, channel
stability, and stream morphology. The classification
is based on a consideration of jam properties
(e.g., type, shape, relative size, permeability) and
associated characteristics (e.g., number of channels,
size of sediment wedge stored upstream).
Type and Relative Size The spatial influence of a log
jam on fluvial forms and processes is related to the
type and relative size of each jam. Hogan (1989)
identifies two fundamental types of log jams that
develop in relation to valley bottom characteristics.
The distinction is important because it determines
the ability of a jam to control either the channel
longitudinal profile or the disturbance of adjacent
riparian areas. Vertical log jams exist as a longitudinal series of debris piles that occur where the
channel is confined by non-erodible banks, usually

2a.

2b.

  Characteristics of young and old log jams.
(a) A recently formed jam characterized by LWD
oriented perpendicular and diagonally to the
channel banks, with a sediment wedge stored
upstream. (b) Remnants of an old log jam consisting of weathered or decaying LWD oriented
parallel with and diagonally along the channel
margin. Note that individual pieces are incorporated into the surrounding bank materials
and the sediment wedge is difficult to identify.

valley walls. Accumulations of sediment upstream of
a vertical jam produce a stepped longitudinal profile
as the upstream wedge fills the channel from valley
wall to valley wall. As sediment and debris are
added, the primary direction of growth of the jam
and wedge is in the vertical direction. Similarly, as
the jam deteriorates over time, the channel degrades
vertically back through the wedge.
In contrast to the vertical structures, lateral log
jams develop on unconfined, alluvial valley flats. In
most cases, the stream is able to erode the channel

banks and move laterally around the log jam. Additional LWD is recruited from the riparian area as the
channel migrates, leaving relatively stable alluvial
deposits behind for riparian vegetation to colonize.
As sediment and LWD are added to the channel
upstream of the lateral jam, the jam and wedge grow
primarily in the lateral direction. A single lateral log
jam may actually be composed of several smaller
jams (laterally dispersed LWD piles) that have
formed as the channel erodes into the riparian area
and migrates across the valley floor over time.
The relative size of a log jam is determined by
comparing the volume and dimensions of a jam to a
unit area of channel bed. (This paper uses the
average bankfull area—that is, the area covered by
the bankfull width squared). Four relative sizes of
both vertical and lateral log jams are given here
(Table 1, Fig. 3). Relative size defines the spatial scale
over which a jam influences channel morphology
and the adjacent riparian area. For example, a single
megajam can control channel morphology and
valley bottom development along an entire reach by
regulating sediment transport and the tendency for
the channel to aggrade or degrade. In contrast, a
microjam may only influence channel morphology
in the immediate vicinity of the jam, providing one
of many sediment storage sites along a reach and an
opportunity to initiate localized erosion of the
channel banks and riparian area. Classification of
log jams into relative sizes allows the comparison of
jams in channels with different bankfull widths. The
dimensions of a log jam must be scaled before the
influence of a jam on channel morphology can be
properly assessed.
Permeability In addition to the type and relative
size of a log jam, the rate of sediment transport past
the jam depends on its permeability. Jam permeability determines the sediment trapping efficiency of
a jam by describing how “sieve-like” the structure is
in relation to a cross-section of the stream channel.
This is important because permeability controls the
proportion of sediment stored in a wedge upstream
of the jam compared to that allowed to pass downstream. A jam with relatively low permeability can
lead to severe aggradation of the channel upstream,
while the channel bed may be scoured to bedrock
downstream (see review by Hogan et al., this volume).
To determine log jam permeability in the field,
the structure’s span, height, and integrity must be

191

  Log jam size and dimension by jam type

a
b

c
d
e
f

Vertical jam

Lateral jam

Jam size

LWD
Volume/Wb2
(m3/m2)

LWD
Pieces/Wb2
(N/m2)

Height
(Db)a

Width
(Wb)

Height
(Db)

Width
(Wb)

Downstream
influenceb
(Wb)

Mega

>1

>1

>2c

>1d

>1e

>2f

>100

>1e

1–2

10–100

Macro

0.1–1

0.1–1

1–2

>1d

Meso

0.01–0.1

0.01–0.1

0.5–1

0.5–1.0

0.5–1

0.5–1

1–10

Micro

<0.01

<0.01

<0.5

<0.5

<0.5

<0.5

<1

Db denotes bankfull depth.
The upstream influence of a jam on channel morphology cannot be specified, as it depends on channel gradient and
sediment supply conditions.
Typically, does not exceed 10 Db.
Typically, does not exceed 2 Wb.
Typically, does not exceed 2 Db.
Typically, does not exceed 10 Wb.

evaluated. Span is defined by the width of a jam
relative to the width of the channel, and includes
consideration of breaches in the structure where
preferred channels have established (Table 2). A jam
that spans a channel from bank to bank forces water,
sediment, and debris to pass either through, over
(vertical jam), or around (lateral jam) the jam
structure. Similarly, the height is defined by the
vertical extent of a jam relative to the depth of the
channel, and determines the magnitude of the step
on the longitudinal profile (Table 3). The integrity of
a jam considers the relative anchoring of a jam (i.e.,
its ability to resist rearrangement during high flows)
and the spaces between LWD pieces in the structure
(Table 4). A jam with high integrity forces the
channel to pass over or around the jam.
The physical consequences of changing jam
permeability are seen in the field as a series, or cycle,
of aggrading or degrading channel segments. As
permeability of a jam increases over time, the volume
of stored sediment upstream is reduced while the
number of channels around or through the jam
generally increases. To determine the volume of
stored sediment upstream of a jam, the height of the
sediment wedge is compared to both the height of the
jam and the width of the channel (Table 5). The
number of channels associated with a jam (Table 6) is
related to the characteristics of the channel upstream
of the jam (e.g., braided) and the characteristics of
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the channel as it passes through the jam structure
(e.g., anastomosed around small islands of stable,
vegetated portions of the sediment wedge).
Indicators of Channel Austment

Log jams initiate a series of morphological changes
along the channel, which must adjust to changing
sediment supply and storage conditions. Upstream
of a jam, the channel aggrades and forms a sediment
wedge as sediment transport is reduced through the
jam. Typically, the banks erode in response to
increased bar development, the channel changes
from single thread to multiple branches or braids,
sediment texture becomes relatively fine, pools are
infilled, and LWD is buried. Downstream of a jam,
the channel degrades as sediment supply is reduced.
Sediment stored along the channel is scoured
(occasionally down to bedrock), while the overall
texture of any remaining stored sediment becomes
relatively coarse. Individual LWD pieces are floated
downstream during high flows.
Once a log jam is classified in the field, channel
conditions associated with the jam are assessed from
an inventory of field indicators related to channel
disturbance. This includes a description of bed
sediments, channel morphology, and bank and
overbank characteristics (Table 7). Each characteristic is associated with both sediment supply and

Megajam

Height
hb

Span
10 Wb
Macrojam

Height
hb
Mesojam
hb

Microjam
1.0 Wb
hb
Wb

Individual LWD pieces

  Relative sizes of vertical and lateral log jams scaled by bankfull width and height.
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  Log jam span characteristics (after Hogan 1989)

Span (Wb)
Complete:
>1
Incomplete:
¾–1
½–¾
¼–½
<¼

Jam characteristics

Jam crosses the channel and forms a dam. Water flows over the top or passes through the jam.
Jam crosses the channel but is breached in one part of its span. Water flows around one end or through
the mid-section of the jam.
Jam does not cross the channel and is usually breached more than once. Water flows around one or both
ends or through the mid-section of the jam.
Jam is typically anchored on one bank or in mid-channel. Water flows around one or both ends or through
the mid-section of the jam.
Jam is typically anchored on one bank or in mid-channel. Water flows around one or both ends of the jam.

  Log jam height characteristics (after Hogan 1989)

Height (Db)
Complete:
>1
Incomplete:
¾–1
½–¾
¼–½
<¼

Jam characteristics

Jam is higher than local average bank height. The channel may be forced around the jam and into
the riparian area.
Jam does not exceed local average bank height (although individual LWD pieces in the jam may be
resting on the channel banks).
Jam structure is prominent in the channel.
Bar tops may exceed jam top. Jam is usually not capable of forcing the channel into the riparian area.
Bar tops exceed jam top. Individual LWD pieces in the jam may be buried by advancing bedload.

  Log jam integrity characteristics (after Hogan 1989)

Integrity
Very solid
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Jam characteristics
Very compact, strong LWD pieces (no rot). Largest LWD pieces have diameter ≥ 1 Db and lengths ≥ 1 Wb.
Stable and large anchors present (e.g., root wads and bedrock). Pieces are very tightly packed together and
compact (with little if any void spaces between the pieces).

Solid

Compact, strong LWD, but smaller individual pieces (largest pieces have diameter ~½ Wb and lengths
~¾ Db). Jam is anchored but overall stability is reduced. Minor voids exist between the debris pieces.

Weak

Predominantly small LWD pieces; larger LWD pieces are generally rotten. Jam has either a poor or precarious
anchor. Large voids exist and pieces are loosely packed.

Very weak

Very small LWD pieces with no apparent anchor. Jam is in transition (i.e., it is difficult to determine if a jam
exists). The pieces are very loosely packed and large voids exist between debris pieces.

  Sediment storage characteristics upstream of a log jam (after Hogan 1989)

Amount of
wedge excavated
None

<¼

Wedge characteristics
The channel zone is full of sediment (e.g., sediment is filled to the top of the jam and extends completely
across the channel). Sediment extends upstream as a function of channel gradient and sediment supply
conditions, or until the next debris jam. Active overbank sedimentation in the riparian area is often apparent.
The initiation of one or more preferred channels through or around a jam begins to excavate the wedge
surface. Active overbank sedimentation in the riparian area may occur during moderate flows.

¼–½

A channel has incised into the wedge surface. Relatively large volumes of sediment are stored near the jam or
in areas of low shear stress. Active overbank sedimentation in the riparian area is unlikely except during
high flows.

½–¾

Preferred channels have developed and a portion of the wedge may be colonized by riparian vegetation
(primarily Alnus rubra [red alder] in coastal British Columbia).

>¾

Remnants of the wedge exist, but are difficult to identify and distinguish from the normal development of
channel bars. Riparian vegetation may colonize any remaining stable portions of the wedge.

  Channel characteristics associated with log jams (after Hogan 1989)

Number of channels

Channel characteristics

1

A single, preferred channel has established through or around a jam and incised into the sediment wedge.
There are no flood channels.

2

A single, preferred channel has established through or around a jam and incised into the sediment wedge.
A secondary channel around the jam or a flood channel through the riparian area has also developed.

3

One or two preferred channels have established through or around a jam. A secondary channel around
the jam or a flood channel through the riparian area have also developed. The channel may be anastomosed
around stable, vegetated portions of the sediment wedge.

>3

Preferred channels have established through or around a jam. Secondary channels around the jam or a flood
channel through the riparian area may have also developed. The channel may be anastomosed around stable,
vegetated portions of the sediment wedge.
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  Indicators of channel adjustment associated with log jams

Indicator
Bed sediments:
Bed texture

Bars

Scour
Channel morphology:
Riffles or cascades
Pools
Stone lines

Bank characteristics:
Erosion

Undercut

Description

Sediment is relatively fine textured upstream of a jam (increase in sediment supply) and coarse textured
downstream of a jam (decrease in sediment supply). In both cases, the channel bed and banks exhibit minimal
sediment textural variability (i.e., sediment is similarly sized, regardless of actual texture).
Upstream of a log jam, areas of extensive bars (especially mid-channel bars) develop as the channel aggrades.
Extensive bars often develop in association with a sediment wedge as the channel braids across the wedge
surface. Mid-channel bars can have relatively steep downstream faces and bar-tops that reach or exceed
elevations of surrounding bank-tops.
Downstream of a log jam, the majority of bed and bar material may be absent as sediment supply is reduced
and the channel is scoured. Bedrock may be exposed along the channel margin.
Upstream of a log jam, riffles dominate the surface of the sediment wedge as pools are infilled by advancing
bedload. Downstream of a jam, riffles or cascades dominate as bed structure is eliminated by scouring flows.
Pools are limited in frequency and areal extent, both upstream and downstream of log jams. Plunge pools may
form in association with individual LWD pieces or immediately downstream of a jam.
Stone lines associated with step-pool channels can be disturbed. Upstream of a jam, stone lines may be buried
by the sediment wedge. Downstream, stone lines may no longer be intact, with water now flowing around
individual stones rather than cascading over actual stone lines.
Upstream of a log jam, the channel banks may be eroded as the channel widens or buried as a sediment wedge
builds vertically and then laterally into the riparian area. Downstream of a log jam, bank material may be
recently exposed.
Banks may lack an undercut as the bed and banks are scoured.

Overbank characteristics:
Avulsions
As a sediment wedge aggrades, the channel can shift laterally around a log jam and spread onto the valley flat.
Channel
As a channel degrades through a sediment wedge, local base-level is reduced, often isolating back or side
abandonment
channels. Typically, abandoned channels show signs of colonization by riparian vegetation and have
accumulated some forest litter.

transport limitations initiated by a log jam as it
regulates the local sediment regime (see Hogan et
al., this volume). The objective of the inventory is to
document the adjustment of the channel in response
to jam formation. A list of field indicators should be
compiled upstream and downstream of individual
log jams.
Stage of Channel Adjustment

The classification of log jams and the inventory of
indicators of channel adjustment describe the current function of a log jam and how it influences
sediment transport and channel stability. As a jam
deteriorates over time, its influence on sediment
transport decreases and the channel begins to
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resemble the morphology associated with an
undisturbed channel. The longevity of a log jam
determines its temporal role in controlling channel
morphology, while the specific pattern of channel
adjustment is determined by the type of channel
(e.g., riffle-pool, step-pool) the jam occurs in.
A temporal model of channel adjustment
following the initiation of a log jam is reviewed by
Hogan et al. (this volume). Five stages of adjustment
are identified, each with characteristic morphologies
and LWD characteristics. The age of a log jam is
determined in the field by both relative and absolute
means. Individual LWD pieces in a jam exhibit certain characteristics as they age (e.g., branches are
broken from the stem; stem-wood decays and
discolours) and these can be used to establish the

relative age of a jam (jams being classified into
ordinal-scale age classes). Within consistent biogeoclimatic and LWD decay conditions, temporal
bounds can be established in association with each
age class. For example, observations of log jams in
the Queen Charlotte Islands suggest that LWD
covered or partially covered in a moss and devoid of
both branches and bark is usually older than
30 years. This method is often complicated, however,
either by the addition of relatively new pieces of
LWD to a jam during subsequent years after its
initial formation, or by relatively old LWD being
incorporated into a new jam. Using LWD decay
characteristics to determine log-jam age is most
reliable where individual LWD pieces are in a homogeneous stage of decay throughout the entire jam.
A more accurate method involves aging nursed
trees growing on individual LWD pieces incorporated into a jam. In coastal British Columbia, red
alder (Alnus rubra) can establish on a log jam
shortly after the jam is initiated; counting tree rings
of the oldest nursed trees establishes an absolute

minimum jam age. Additional botanical evidence is
often available in the adjacent riparian area and may
be required if nursed trees either did not establish or
did not survive on a jam. Typically, the sediment
wedge associated with a jam creates a fresh deposit
of fine-textured sediments colonized by pioneering
plant species (e.g., an even-aged stand of red alder)
once the wedge is stabilized. Although the lag time
between jam formation and wedge stabilization is
usually unknown, the maximum age of the canopy
can also be used to establish an absolute minimum
jam age.
The presence of aging nursed trees is usually the
most reliable method of establishing the age of a log
jam. However, information derived from the riparian
area and from decay characteristics of LWD pieces
should be used for corroboration. Table 8 presents a
summary of the common characteristics of a jam
(including state of LWD decay and ages of nursed
and riparian trees) associated with each age class.
Age classes and channel characteristics coincide with
those reviewed by Hogan et al. (this volume).

  Log jam age classes (after Hogan 1989). Five stages of channel adjustment following the formation of a log jam
(and corresponding to the age classes below) are reviewed by Hogan et al. (this volume). Note below, however,
that the <10-year stage of channel adjustment has been divided into two categories.

Time since jam formation (yr)
<2

Characteristics of the jam, nursed tree, and sediment wedge

Primarily new LWD pieces (bark, branches, etc., remain intact). Includes new debris from upstream and
upslope, apparently formed during the last major storm or landslide event. No nursed trees; the wedge
is unvegetated.

2–10

LWD pieces have lost some bark and few branches remain. Twigs are absent. Nursed trees (usually red alder in
coastal British Columbia) are less than 5 m high and are aged in the field (cut and rings counted). Any stable
portions of the sediment wedge support a dense pioneering canopy of red alder.

10–20

Bark is absent from some LWD pieces but remains intact on others. Branches are generally absent. Nursed
trees are between 10 and 20 years old (aged by increment cores). Natural thinning of the riparian canopy
growing on the sediment wedge is evident.

20–30

Sapwood is soft; moss may cover a portion of stable LWD pieces. Nursed trees are 20–30 years old. Stable
portions of the sediment wedge support grasses, herbs, and mosses in the understorey.

30–50

Bark is absent or sloughing; LWD pieces are stained and discoloured. Nursed trees are 30–50 years old. The
colonized portion of the sediment wedge is difficult to distinguish from the adjacent riparian area.

>50

LWD has no bark and may only be partially intact. Individual LWD pieces are uniformly dark and discoloured.
Nursed trees are >50 years old, but occur infrequently. The riparian canopy supported by the sediment wedge
has reached a maturing stage, with red alder in the overstorey and Sitka spruce (Picea rubens) establishing in
any openings in the canopy.
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Channel Assessment

Summary

Following a channel disturbance, such as the development of a landslide-induced log jam, the pattern of
channel recovery is dependent on both the
characteristics of the jam and the type of channel the
jam occurs in. The permeability of a log jam
determines the amount of sediment allowed to pass
downstream, forcing the channel to locally aggrade
upstream and degrade downstream. The magnitude
of any net aggradation and degradation is determined
by the type and relative size of a jam (spatial impact)
and by the age of the jam (temporal impact). An
assessment of channel morphology in small coastal
stream channels must begin with a classification of
these features that control channel morphology.
Typically, in unlogged watersheds on the Queen
Charlotte Islands, there is a wide range of jam ages
and associated levels of channel disturbance. The
rate of log-jam formation is accelerated once a
watershed is logged and the channel becomes dominated by relatively young, impermeable log jams. At
the reach level, the assessment of channel morphology is based on the classification of log jams to
identify specific impacts, and a record of their
spacing throughout the reach. At a reconnaissancelevel, assessment can proceed on a “walk-through”
basis whereby features are classified along onebankfull-width sections of channel, with minimal
need for intensive measurements (e.g., pool-riffle
spacings, sediment textures). The level of channel
disturbance can then be assessed for each section,
using Figure 4 as a reference.
Analysis of the results should be based on the
temporal and spatial distributions of log jams and
their characteristics. For example, a channel
dominated by young, impermeable, vertical megaand macrojams will be less stable than a similar
channel dominated by old, permeable, vertical
micro- and mesojams. A comparison of these
distributions between forested and logged stream
channels should also include watersheds similar in
morphology and morphometry (see Cheong, this
volume). Any increase in the relative frequency of
recently formed, impermeable jams constitutes a
fundamental impact relating to channel
morphology, the riparian area, and fish habitat. The
magnitude of this impact is indicated by any shift in
the relative frequency in the type and relative size
those jams.

Hogan et al. (this volume) review the importance of
log jams as a control of channel morphology in small
coastal streams. This paper describes a method of
channel classification that considers the spatial and
temporal distribution and the functional character
(span, integrity, sediment storage, etc.) of log jams.
The classification allows an assessment of current
channel conditions and recovery potential, and
enables a description to be made of channel resiliency
to any potential upstream and upslope disturbances.
For example, given similar reach characteristics and
channel size, a channel containing frequent (short
spacing lengths) micro- and mesojams with high
integrity and low sediment storage ratings, frequent
log steps, and stable, undercut banks should be more
resilient to change than channels with infrequent,
low-integrity macro- and megajams characterized by
mid-channel bars, extensive riffles, and eroding
banks. The former channel will likely respond much
differently to altered sediment loading than will the
latter, as sediment is stored in a relatively stable
spatial and temporal channel configuration.
The channel classification and assessment procedure outlined here is in a preliminary state of development; it is presented to generate discussion and
input from operational field workers. The underlying
principles of the procedure are driven by our experiences gained from conducting extensive field surveys
in small coastal stream channels. There are four main
issues we attempt to deal with in the procedure:
• Channels undergo normal cycles of sediment
erosion and deposition, so rather than measure
all of the channel attributes of aggradation/
degradation (e.g., changes in bed elevation,
sediment textures, altered channel dimensions,
sediment storage volumes) we key in on the
overall effect on the channel.
• Many morphological measures are stage-dependent (particularly delineation of pools and riffles)
and difficult to measure on a repeatable basis.
• Many field measurements are extremely time
consuming to make because of sampling
limitations (e.g., determination of sediment
textures, volumes of LWD, volumes stored in
sediment).
• Opinions about what constitutes a “stable”
channel differ widely, the views of fisheries
biologists, engineers and geomorphologist often
being very different.
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Generalized channel response to vertical and lateral jams
(-)

Level of disturbance (Q and Qs)

(+)

(-) (-)

Disturbance threshold: LWD either buried or scoured downstream

Back channels

Bed sediment size

Gradient

Confinement

(+) (+) (+) (-)

(-) (+)
(-)

Span

(+)

(-)

Integrity

(+)

(-)

Height

(+)

(+)

Back channels

(-)

(+)

Age

(-)

  Disturbance matrix of lateral and vertical log jams. Note that as the level of disturbance increases, LWD can be
completely buried as the entire reach aggrades.
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We therefore use log-jam attributes—what we agree
to be the primary factors that control these stream
characteristics (sediment aggradation/degradation,
pool/riffle densities, bed and bank characteristics)—
as the basis of the channel classification and
assessment scheme presented here. This is different
approach than most other schemes that attempt to
measure many individual channel attributes. We
hope that this new approach provides a useful tool,
one that is cost-effective to complete and provides
the types of information needed for managing the
forests and fish habitats. We intend to continue to
revise this scheme in response to feedback obtained
from field workers.
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